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ABSTRACT 
Among the newly developed planarization technologies for ULSI metallizations, Chemical-
Mechanical Polishing (CMP) has been shown to be the most promising method because 
of its demonstrated capability to provide better local and global planarization over the 
entire stepper field. In recent years, CMP has emerged as an enabling technology for the 
next generation of chip manufacturing, and has become the second fastest growing area 
of semiconductor equipment manufacturing. In addition to its use in interlayer dielectric 
planarization, CMP has also found applications in shallow trench isolation, damascene 
technologies, and other novel processing techniques. 
Most of the previous work related to the prediction of the material removal rate (MAR) 
to date has been concerned with the ideal case, wherein there is no randomness associ­
ated with either the pad or the slurry. In the work of this dissertation, we investigated 
the material removal rate (MAR) by taking some of the randomness into account, in­
cluding randomly varying pad asperity heights and/or randomly varying slurry particle 
size. 
As the CMP develops rapidly in industry, the well known material removal rate de­
cay phenomenon as well as the material removal rate variation on the slurry particle 
size distribution has gained more and more attention. The MAR decays over time 
if the polishing pad is not conditioned during the CMP process. This is undesirable 
because it affects throughput and cost of the CMP process. Pad conditioning is used 
to preserve quality and maintain a high polishing rate. However, at present there is 
no well-established conditioning strategy for selecting the polishing time intervals to 
perform pad conditioning. What is needed to develop such a strategy is a detailed un­
derstanding of how the material removal rate decay is influenced by the evolution of the 
pad topography during the CMP process. However, very few efforts have been done on 
the mechanism of the MAR decay up to date. The recent results by Borucki provide the 
first major step toward achieving this understanding. In our work on the MAR decay, 
the role of stochastic variations in pad surface topography evolution during a CMP pro­
cess is investigated. The roughness of the pad surface is considered, while the blanket 
Rim wafer is smooth and flat. The material removal rate (MAR) for CMP is modeled 
utilizing elastic as well as inelastic contact between wafer and pad. Evolution of pad 
surface topography is observed to have a significant influence on the MAR variations. 
A distinguishing feature of our work is the MAR based on material removal for each 
single asperity. It is observed that an elastic contact model significantly under-estimates 
the experimental trend. The selection of the initial PDF (Probability Density Function) 
of pad asperity height distribution used in an MAR time-evolution model is shown to 
be a key issue. It is observed that reasonably small changes in numerical estimates of 
PDF parameters can have a significant effect on the accuracy of material removal model 
predictions. By extending the model to the case of inelastic contact between the wafer 
and pad asperities, it is found that model performance can be notably improved. The 
emphasis in our work of the MAR decay on statistical elements, combined with the 
approach of developing mean MAR models based on model for individual asperities, 
allows one to easily incorporate more realistic model assumptions such as pad asperities 
have tip curvatures and spacing that are random. 
The work in the MAR decay model considered MAA in relation to direct contact be­
tween the pad and the wafer. The influence of the slurry particles was not considered. 
xiv 
However, because the pad is soft compared to both wafer and slurry particle, it is, in 
fact, the slurry particle-wafer contact that relates most directly to MAR. Furthermore, 
the chemical reaction between the slurry and the wafer surface material creates a softer 
layer on the surface of the wafer and changes the mechanical properties such as the hard­
ness, Young's modulus and Poisson's ratio of wafer surface material. The slurry abrasive 
particles entrapped in the wafer-pad contact region are indented into the wafer surface 
and plough materials off from the wafer surface as the particles slide across. Several in­
vestigators have explored the mechanisms of MAR due to the pad-slurry particle-wafer 
contact. The methods of estimating the number of slurry particles actively participating 
in the material removal process are different among these investigators. In this disserta­
tion, we first compare the MAR predictions accompanying two different assumptions on 
the active particles participating in the material removal. Elements of these two models 
are then combined with time varying MAR models to a third (dynamic) MAA model. 
Our dynamic MAA model is able to explain the experimentally observed MAR decay 
phenomenon due to pad surface topography evolution and considers the MAR variation 
with respect to particle size distribution in addition to the mean value of particles. 
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CHAPTER 1 General Introduction 
1.1 CMP Research Review 
Among the newly developed planarization technologies for ULSI metallizations, Chemical-
Mechanical Polishing (CMP) has been shown to be the most promising because of its 
demonstrated capability to provide better local and global planarization over the entire 
stepper Held, which may be around 20 mm x 20 mm in most step-and-repeat systems 
(e.g., Sivaram et al [1], Steigerwald et al [2]). In recent years, CMP has emerged as an 
enabling technology for the next generation of chip manufacturing, and has become the 
second fastest growing area of semiconductor equipment manufacturing. Beside inter-
layer dielectric planarization (e.g., Sivaram et al [1], Li &: Miller [3]), CMP has also found 
applications in shallow trench isolation (e.g., Pierce et al [4]), damascene technologies 
(e.g., Kaanta et al [5], Kranenburg et al [6]), and other novel processing techniques such 
as polishing of balls for bearing applications (Jiang [7]). 
The CMP process is achieved by sliding a wafer surface on a relatively soft polymeric 
porous pad Hooded with chemically active slurry containing abrasive particles of sub-
micron diameter. A schematic diagram of the CMP process is shown in Figure 1.1. In 
general, a CMP machine uses orbital, circular and lapping motions. The wafer is held 
on a rotating carrier or wafer carrier, while the face being polished is pressed against a 
polishing pad attached to a rotating platen disk. Then the slurry that Hows between the 
wafer and the pad is used as the chemical abrasive. CMP can be carried out on metals 
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as well as on oxides. 
Wafer carrier 
Slurry Carrier film 
Retaining ring 
Wafer 
Figure 1.1 Schematic graph of single wafer CMP process 
The mechanical properties of the polishing pad and its surface morphology control the 
quality and ef&cacy of the CMP process. The pad surface morphology controls the par­
tition of the applied down pressure between the abrasive particles and direct wafer/pad 
contact. The pad role is to distribute the slurry, support the wafer polishing pressure 
and to support the shearing action of the slurry against the wafer surface (see Run­
nels [8]) while removing polishing residue. In addition, the polishing pad behaves in 
elastic and/or viscoelastic manners under the applied pressure, which is thought to af­
fect the WIWNU (within wafer non-uniformity) or planarity [2]. In practice, it is not 
clear what pad property should be measured to characterize the polishing results. 
CMP consists of a chemical process and a mechanical process being performed synergis-
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tically to reduce height variation across a dielectric region. The chemical effects are the 
chemical reactions between the slurry and the wafer surface, which change the solubility 
and mechanical properties of the wafer surface, while mechanical processes are affected 
by the interface pressure, the rotational speed of the pad and the wafer, and viscosity 
of the slurry (Chen and Lee [9, 10]). The Preston equation (Preston [11]) summarizes 
the mean material removal rate (MRR) per unit area as 
MÂÂ = ffpfy (1.1) 
Here P is the mean interface pressure, and y is the mean relative velocity between the 
wafer and the polishing pad. The constant is the Preston coefficient. 
In the last several years various researchers have attempted to modify the Preston equa­
tion to correct observed discrepancies with experimental observations. Zhang and Bus-
naina [12] proposed an equation MAA = taking into account the normal and 
shear stress acting on the contact area between abrasive particles and wafer surfaces. 
Zhao and Shi [13, 14] proposed that MAR = They argued that the number 
of abrasives involved in material removal will increase with the contact area between the 
wafer and the pad, and since the MAR is linearly related to the number of abrasives, 
the MAA will be nonlinearly dependent on the pressure. They also introduced the con­
cept of a threshold pressure arguing that material removal takes place only when the 
threshold pressure is exceeded. Luo and Dornfeld [15] also introduced a nonlinear MAR 
model based on statistical distributions of abrasive particles. Pu et al [16] introduced 
another nonlinear MAA model based on the concept of incomplete and complete con­
tact between the wafer and the pad. They observed that the deviations of actual MAR 
predictions for these nonlinear models (particularly considering the level of confidence 
in these models) from Preston equation predictions can be small; in particular, when 
the slurry in a CMP process contains both sharp and blunt (spherical) abrasive particles. 
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The pad is an integral part of the CMP process. The soft polymeric pad cushions 
the abrasive particles in the slurry, and balances the fraction of the total force that is 
transmitted to the wafer surface via the abrasive particle (e.g., Fu et al [16], Luo and 
Domfeld [15]). This force partition plays a key role in governing the characteristics of 
a CMP process. Many models have been proposed to understand the complex behavior 
of the polishing pad. In these models, several saline features of the pad are considered, 
such as the statistics of pad asperity of various amplitudes and frequencies [17], the local 
deformation of individual cells [16], the elastic asperity contact between the wafer and 
the pad [15, 18], as well as multi-level contact evolution at particle scale and the macro 
asperity scale, leading to several domains of wafer/particle/pad contacts [19]. These 
entire models have shared the ambiguity in defining the proper pad mechanical property 
(e.g. Young's modulus and Poisson's ratio) as well as lumped up the influence of the 
pad surface morphology with the local abrasive particle contact. Most often, the pad is 
modeled as an elastic material. However, Fu & Chandra [20] have investigated the effects 
of viscoelastic pad properties on the decay of material removal rate (MRR) in a CMP 
process. Guo et al [21] have also investigated the effects of time-dependent viscoelastic 
pad properties on dishing and step height reduction in a CMP process. 
Most of the previous work related to the prediction of the material removal rate (MRR) 
to date has been concerned with the ideal case, wherein there is no randomness associ­
ated with either the pad or the slurry. In this work, we will develop expressions for the 
MRR by taking some of this randomness into account, including the randomly varying 
height pad asperities and randomly varying size particles. 
As CMP develops rapidly, the MRR decay phenomenon is getting more and more im­
portant. It is well known that the polishing rate drops rapidly over time if the polishing 
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pad is not conditioned during the CMP process (see Stein [22]). This is undesirable 
because it affects throughput and cost of the CMP process. Pad conditioning is used 
to preserve quality and maintain a high polishing rate. However, at present time there 
is no well-established conditioning strategy for selecting the polishing time intervals to 
perform pad conditioning. What is needed to develop such a strategy is a detailed un­
derstanding of how the material removal rate decay is influenced by the evolution of 
the pad topography during the CMP process. To our knowledge, the recent results by 
Borucki in [18] provide the first major step toward achieving this understanding. In 
fact, the results in [18] form the basis for the majority of our work in chapter 2 in this 
dissertation. For this reason, it is appropriate to briefly summarize those results here. 
The MRR decay-time model for a blanket Elm developed in [18] considers the roughness 
evolution of a pad surface. This model assumes direct contact between a Sat, smooth 
wafer and a rough polishing pad. It ignores the effects of the abrasive particles, since the 
average size of abrasive particles is much smaller than the average height of pad asperity 
heights. The rough surface of the pad is modeled by spherical tip asperities, periodically 
spaced across the pad surface. The spherical tips are assumed to have equal, nonrandom 
curvature. The asperity heights are assumed to be randomly distributed, mutually in­
dependent and identically distributed, with a time-varying probability density function 
(PDF). In this model the contact between wafer and pad asperities is first assumed to 
be elastic in nature. Based on experimental results of Stein [22] the initial PDF used 
in Borucki [18] for model validation was chosen to be a Pearson-IV PDF. This initial 
PDF evolves with time as the higher asperities are worn down during the CMP process. 
The evolution model for this time-varying PDF is obtained in [18] via a straightforward 
method. The average of the material removal rate MRR(f) is assumed to be propor­
tional to the expected total contact load divided by the expected actual total contact 
area. It should be noticed that this model only considers the MRR caused by the direct 
contact between the wafer and pad surface, whereas the slurry particle effects is ignored. 
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Also the selection of the initial Pearson PDF for the pad asperity height distribution 
is not clearly specified according to the experimentally measured (estimated) statistical 
quantities of the pad surface roughness. 
The works referenced above for the MAR decay considered MRR in relation to direct 
contact between the pad and the wafer. The influence of the slurry particle was not 
considered. However, because the pad is soft compared to both wafer and slurry parti­
cle, it is, in fact, the slurry particle-wafer contact that relates most directly to MRR. 
Furthermore, the chemical reaction between the slurry and the wafer surface material 
creates a softer layer on the surface of the wafer and changes the mechanical properties 
such as the hardness, Young's modulus and Poisson's ratio of wafer surface material. 
The slurry abrasive particles entrapped in the wafer-pad contact region are indented 
into the wafer surface and plough materials off from the wafer surface as the particles 
slide across. Several investigators have explored the mechanisms of MRA due to the 
pad-slurry particle-wafer contact. Examples include Luo & Dornfeld [15, 23], and Zhao 
& Chang [24], Fu et al [16]. 
A key distinction between MRR models in Luo & Domfeld [15, 23] and that of both 
Zhao & Chang [24], Fu et al [16] is the different methods of estimating the number of 
slurry particles actively participating in the material removal process. In [15, 23], as 
the pad asperity is brought into contact with the wafer, it is assumed that all of the 
slurry particles within the volume occupied by the asperity become entrapped between 
the wafer and the pad asperity. It is then assumed that only a very small fraction of 
these particles are actively involved in the material removal. In both Zhao & Chang [24] 
and Fu et al [16], it is assumed that most of the particles are squeezed away as the 
pad asperity approaches the wafer surface. Only a monolayer of the slurry particles is 
entrapped at the contact interface. However, all of these particles are assumed to be 
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active. It may be conjectured that the reality in a CMP process lies in between these 
two assumptions. 
It should be noted that the models in [15, 23] and in [24] could not predict the MAR de­
cay phenomenon due to the pad surface topography evolution (pad surface smoothening) 
during CMP process. The model in [24] does not consider the particles size distribution 
effect on the mean MRR since it assumes all particles have the same size, while the 
model in [15, 23] did predict the MRR variation with the particles size distribution, it 
seems that the MRR trend is not in close correlation with the MRR variation obtained 
from experiments. 
1.2 Thesis Outline 
In Chapter 2, we will discuss a MRR decay model based on Borucki [18]'s model with 
alternative method to obtain the MR A expression, and give a rigorous derivation of the 
pad asperity height distribution PDF evolution equation with the regularity conditions. 
Details for the selection of the initial pad asperity height distribution PDF - the Pearson 
family PDFs - and their effect on the model prediction will be given. The discrepancy 
between the Borucki [18] MAA decay model (with elastic contact between wafer and 
pad) result and the experimental result from Stein [22] indicates that the elastic contact 
model is incapable to predict the experimental result and thus motivates us to extend 
to an MAR decay model with inelastic contact between wafer and pad. The MRR 
decay model with inelastic contact between wafer and pad with suitable wearing rate 
coefficients for the wafer and the pad and strain hardening parameter for the pad shows 
quite good predictions compared to Stein's experimental results. 
In Chapter 3, we will review some works related to the effort of modification of MRR 
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using some fitting strategies involving with slurry abrasive particle effects in the CMP 
process. 
In Chapter 4, we will present several MAR models involving the pad surface rough­
ness and slurry abrasive particle effects on the MAA. In these models, the pad surface 
roughness is modeled as pad asperities periodically (or uniformly) spaced across the pad 
surface with either identical or randomly varying asperity heights, and spherical asperity 
tips with identical curvature. The slurry abrasive particle size distribution effects on the 
mean MAA is discussed for these models. 
In Chapter 5, model result comparisons and some important issues related to the MAA 
models involved are discussed. 
Summary and conclusion is given in chapter 6, also some future work is briefly discussed. 
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CHAPTER 2 A Stochastic Model for the Effects of Pad 
Surface Topography Evolution on Material Removal Rate 
Decay in Chemical Mechanical Planarization (CMP) 
A paper submitted to the Journal of the IEEE Transaction on Semiconductor 
Manufacturing 
Changxue Wang\ Peter Sherman^, Abhijit Chandra^ 
ABSTRACT 
The role of stochastic variations in pad surface topography evolution during a Chemical 
Mechanical Planarization or Polishing (CMP) process is investigated. The roughness 
of the pad surface is considered, while the blanket Him wafer is smooth and Hat. The 
material removal rate (MAR) for CMP is modeled utilizing elastic as well as inelastic 
contact between wafer and pad. Evolution of pad surface topography is observed to 
have a signiHcant inHuence on the MRR variations. A distinguishing feature of this 
work is the MRR based on material removal for each individual asperity. It is observed 
that an elastic contact model signiHcantly under-estimates the experimental trend. The 
selection of the initial PDF of pad asperity height distribution used in a MRR time-
evolution model is shown to be a key issue. It is observed that reasonably small changes 
iPh.D Student, primary researcher and author, Department of Statistics and Department of 
Aerospace Engineering and Engineering Mechanics, Iowa State University 
2Co-Major Professor, Department of Statistics and Department of Aerospace Engineering and En­
gineering Mechanics, Iowa State University 
3Co-Major Professor, Department of Mechanical Engineering, Iowa State University 
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in numerical estimates of PDF parameters can have a significant effect on the accuracy 
of material removal model predictions. By extending the model to the case of inelastic 
contact between the wafer and pad asperities, it is found that model performance can 
be notably improved. Finally, it should be mentioned that the emphasis here on statis­
tical elements, combined with the approach of developing mean MAR models based on 
models for individual asperities, allows one to easily incorporate more realistic model 
assumptions; an example being that pad asperities have tip curvatures and spacing that 
are random. 
2.1 Introduction 
It is well known that the polishing rate drops rapidly over time if the polishing pad is 
not conditioned during the CMP process (see Stein [22]). This is undesirable because it 
affects throughput and cost of the CMP process. Pad conditioning is used to preserve 
quality and maintain a high polishing rate. However, at present time there is no well-
established conditioning strategy for selecting the polishing time intervals to perform 
pad conditioning. What is needed to develop such a strategy is a detailed understand­
ing of how the material removal rate decay is influenced by the evolution of the pad 
topography during the CMP process. To our knowledge, the recent results by Borucki 
in [18] provide the Erst major step toward achieving this understanding. In fact, the 
results in [18] form the basis for the majority of this chapter. For this reason, it is 
appropriate to briefly summarize those results here. 
The MAR decay-time model for a blanket 61m developed in [18] considers the roughness 
evolution of a pad surface. This model assumes direct contact between a Hat, smooth 
wafer and a rough polishing pad. It ignores the effects of the abrasive particles, since 
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the average size of abrasive particles is much smaller than the average height of pad 
asperity heights. The rough surface of the pad is modeled by spherical tip asperities, 
periodically spaced across the pad surface. The spherical tips are assumed to have equal, 
nonrandom curvature. Their heights are assumed to be randomly distributed, mutually 
independent and identically distributed, with a time-varying probability density func­
tion (PDF). In this work the contact between wafer and pad asperities is first assumed 
to be elastic in nature. Based on experimental results of Stein [22] the initial PDF used 
in Borucki [18] for model validation was chosen to be a Pearson-IV PDF. This initial 
PDF evolves with time as the higher asperities are worn down during the CMP process. 
The evolution model for this time-varying PDF is obtained in [18] via a straightforward 
approximation method. The average of the material removal rate MRA(t) is assumed 
to be proportional to the expected total contact load divided by the expected actual 
total contact area. 
The wafer and its surface materials that are usually polished (e.g. dielectric oxides) have 
elastic moduli that are much larger than that of the pad; that is to say, the wafer and its 
surface materials are much harder than the pad used in the CMP process. If the slurry 
penetrates the pad over time, this can result in softening of the pad ([18, 25]). In this 
case, its elastic modulus will be lowered. In addition, after prolonged contact between 
the wafer and the pad asperities, the pad might experience strain hardening. We will 
treat the wafer and its surface material as elastic, but the pad asperities will be treated 
as both elastic and inelastic in this work. 
In Section 2.2 we investigate the pad in elastic contact with the wafer, following the 
same procedure as in [18]. Within this investigation, we offer an alternative, and more 
rigorous derivation for the pad asperity height distribution PDF evolution equation, 
including regularity conditions, also contrary to the simple assumption for the mean 
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used by Borucki [18], we derived the equation based on the MAR for a single 
asperity following Preston's equation (1.1) or Archard's law [26]. In Section 2.3, the 
initial Pearson type PDF obtained from the estimated statistical quantities given in [18] 
is discussed in relation to the Pearson family of PDFs. In particular, we provide ranges 
of the needed statistical parameters corresponding to various members of the Pearson 
family. In section 2.4, we consider inelastic contact between wafer and pad asperities. 
The last section includes a summary of our results, a discussion of their significance, and 
directions for possible future research. 
2.2 An Elastic Contact Model for MRR Decay 
Greenwood and Williamson [27] developed a model for contact between a smooth flat 
surface and a rough surface using Hertzian contact theory [28]. In this model, the wafer 
surface is assumed to be smooth and Eat, while the pad surface is taken to be rough. 
The roughness model is assumed to consist of a population of summits, or asperities, 
with area density %. The asperities are assumed to be nonrandomly and uniformly 
spaced across the surface of the pad. The height, Z, of any asperity relative to the mean 
plane of the pad surface is assigned a probability density function (PDF), which we will 
denote by <^(z). All asperities are assumed to have spherical tips, each with identical 
curvature This model is illustrated in Figure 2.1. 
Statistically, these assumptions are equivalent to an assumption of a known number of 
asperities, N = where Ag denotes the nominal contact area between the wafer and 
the pad, along with the assumption of TV independent and identically distributed (W) 
asperities {Zt}kLi having a common PDF model <^(z). 
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Wafer 
Pad 
Figure 2.1 Illustration of the Greenwood and Williamson model [27]: in­
cluding a Hat wafer in contact with a rough pad surface. The 
asperity heights and the separation distance d between the pad 
and wafer are measured from the mean plane of the pad sur­
face. The asperities have equal tip curvature, and are spaced in 
a nonrandom periodic manner. 
The separation distance between the wafer and the mean plane of the pad is d, as illus­
trated in Figure 2.1. For an asperity with height Z,, when > d, then it is in contact 
with the wafer surface. In this event, Hertzian theory for elastic contact [28] predicts 
that the asperity will carry the load: 
A p* 
—— d)^ when /% > d 
3^ (2.1) 
0 when < d 
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over a circular contact area 
A = 
r 4% - 4 
o 
when 2% > d 
when Z, < d 
(2.2) 
where E* = is the equivalent Young's modulus, E is the pad's Young's modulus, 
and i/ is the Poisson's ratio for the pad. 
Since Z, is a random variable with a PDF given by ^(z), ^ follows that and Aj are 
also random variables. Also, notice that for a given separation distance d, only those 
asperities with height Z; > d are in contact with the wafer. Hence, the actual number of 
asperities in contact with the wafer under the nominal contact area Ao is also a random 
variable, as are the total load carried by the asperities in contact with the wafer and the 
total actual contact area between the wafer and the pad. 
From (2.1) the expected load associated with the asperity with height Z< is given by 
/
d 4R* 
0<&(z) dz + / —r^(z- d)^^(z)dz 
-OQ «/ d 3/Cs 
a p* r°° 
= —Tm / (z-d)^<Xz)dz (2.3) 
3 Kg J d 
where E[*] denotes the expectation operation. Notice from (2.1) that is neither a 
purely continuous nor purely discrete random variable, but a mixture of the two. Its 
discrete probability component lies at the point z = 0. Since most introductory books 
in probability and statistics do not address mixed random variables, we have included 
the leftmost term in the middle equality of (2.3), even though it clearly equals zero. The 
total load is 
N 
i=1 
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so that, from (2.3) and the linearity property of the expectation operation, the expected 
value of total load carried by the asperities in contact with the wafer within the nominal 
contact area Ao is 
N 
EM = ^E[^] 
i—1 
= NE[^] 
A/?* 
= #-172 / (z - d)^^(z) dz (2.4) 
3/Cs J d 
Similarly, the total actual contact area within the nominal contact area Ao is given by 
N 
•^•actual ^ ] A, 
i=1 
so that the expected value of total actual contact area is 
N 
E[4^] = 
i=i 
= NEK] 
f°° 7T 
= N / —(z — d)<^(z) dz 
J d Ks 
7T 
= TV— / (z — d)(^(z) dz (2.5) 
Let the nominal contact pressure be defined as the total load divided by the nominal area: 
p = ~  (2-6) 
Since the total load carried by the asperities is a random variable, so is the nominal 
contact pressure p. The expected value of (2.6) is given by 
16 
P = #[p] 
EM/A, 
^ K, Vd 
(2.7) 
We remark that the quantity (2.7) is exactly the pressure f given in Preston's model 
The above two equations, (2.7) and (2.8), form what is commonly referred to as the 
Greenwood-Williamson model [27]. As polishing progresses, higher asperities in contact 
with the wafer will be abraded, and more asperities with lesser heights will come into 
contact with the wafer. The actual contact area will increase, and the average load 
carried by a single asperity in contact with the wafer will decrease. Thus, the average 
material removed rate MAR will decrease. Usually, the applied down pressure p is con­
sidered to be held constant during CMP process, hence the separation distance d and 
the pad asperity height distribution PDF #(z) in (2.7), would change with time. 
(1.1). 
The ratio of the expected value of actual contact area to the nominal area is 
Af — E [Aactuai /AQ] 
— E [Aactuai ] / AQ 
(2.8) 
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2.2.1 The Evolution Equation for Pad Asperity Height Distribution PDF 
<6(z,t) 
An important task in CMP is to determine when the pad should be changed or recon­
ditioned. Thus, it should be clear that the pad PDF, <^(z), defined above is, in fact, 
time-varying. The time dependence was omitted in the last section for notational con­
venience. The recently developed time-varying model for this PDF proposed in Borucki 
[18] represents a major contribution along these lines. In this subsection we will revisit 
this pioneer model. We will arrive at it in a slightly different fashion than that used in 
[18]. Our approach is intended to highlight certain conditions required for its validity. 
This section is also necessary in order to highlight certain statistical issues related to 
the TV W pad asperities, {ZJ^. 
Archard's law [26] states that the wearing rate of an asperity is directly proportional 
to the average contact pressure. This pressure is defined to be the load divided by the 
contact area. Assuming that this pressure is uniform throughout the circular contact 
area yields the following wearing rate model for a single asperity: 
^ = _C.^L^(Z _ d)'/2 Z(0) = Z„ M 
The proportionality constant, Co, in (2.9) is a function of the relative sliding velocity 
between the asperity and the wafer, as well as pad and wafer material properties such 
as the hardness, Young's modulus and Poisson's ratio. (Note that (2.9) includes no 
subscript to refer to any particular asperity, and that both Z and d are time-dependent 
variables. For notational convenience, we will henceforth dispense with such subscripts 
and time-dependence when there is little risk of confusion.) 
The model (2.9) for the evolution of the asperity height, Z(f) , over time is a stochas­
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tic nonlinear time-varying differential equation. From it, one can obtain an evolution 
model for the time-varying probability density function, ^(z) = <^(z, t) . To this end, 
in Borucki [18] it was assumed that the rate of change of the fraction of asperities in 
the range (z, z 4- Az) equals the rate at which eroding asperities enter the interval from 
above minus the rate at which they leave from below. This assumption, along with (2.9) 
yields 
a pz+Az z-i a p» 1/2 
— y <^(u, f) du = ' [(z + Az - d)^^)(z + Az, t) - (z - d)^<^(z, ()] (2.10) 
By approximating the left hand side of (2.10) as g^(z, ()Az, dividing by Az, and taking 
limit as Az —» 0 for z > d(f), (2.10) yields the following ordinary, nonlinear, time-varying 
differential equation model for <^(z, Z): 
^(z,t) = - d(()]^(z, ()} for z > d(t) (211) 
Notice that the rate of change of <^(z, t) is zero for z < d(t). The initial condition is 
denoted as ^(z,0) = ^o(z). 
This development was used in Borucki [18]. It is straightforward, and more importantly, 
provides constructive insight. However, the passing of limit in the above to obtain (2.11) 
generally requires adherence to certain regularity conditions. In relation to CMP, these 
conditions turn out to be of more than simply mathematical interest. To identify them, 
we take advantage of the well-developed theory of di^uston Martor processes. Specifi­
cally, we appeal to the following general result: 
A JZesu# /rom Mor&oi; Process Theory /##/.' Z(t) 6e o sfochos#c process 
fAof is governed (Ae /irs( order sfoc/ioafic dij^eren^of eçuafion: 
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+ /(Z(t)) = Z%(t) Z(0) = Zo (2.12) 
Wiene D is any constant, /(*) is any nonZineor continuously di^eTientiobZe function, and 
^(t) is a unit variance u/Aite noise process. Assume tAe /oJZowing regularity conditions: 
^ continuous in t; 
d ^ (#2).- ^-[/(z)^(z,t)] is continuous in z; 
—?[D^(^(z, t)] is continuous in z. 
oz 
7%en t/ie evolution equation /or tAe corresponding time varying probaùiZity density /unc­
tion ^(z,t), is given 6y t/ie FoWcer-FZancA-jfoZmogorov equation 
^(z, t) = j^[/(z)^(z, t)] + jp<Xz, <) 0) = ^o(z) (2.13) 
E in (2.12) we set D = 0 and /(z) = 0,—[z — d(t)]^^, we obtain (2.9). If we 
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assume that all of the three regularity conditions hold, and we substitute these same 
quantities into (2.13), we obtain exactly (2.11). 
One who is well versed in mathematics associated with passing limits might reasonably 
argue that the derivation in [18] used to obtain (2.11) implicitly assumed that these 
conditions hold. Our development of (2.11) via the above general result has the advan­
tage of providing these conditions explicitly. Furthermore, as mentioned above, these 
mathematical regularity conditions relate to important and pertinent phenomenologi-
cal conditions that may or may not hold, in relation to the evolution of ^(z,t). As a 
simple example, consider the idealized situation, wherein the random variable Z has its 
height truly truncated to some value zo at time t. It follows that even if the original 
PDF, <^(z, t), satisfies (Rl) and/or (R3) above, the PDF <^(z, t) will have a probability 
mass equal to fr[Z(0) > zo] at the location zq. Mathematically, this mass corresponds 
to a Dirac delta function at zg. Such a PDF will not satisfy (R3). In practice such 
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a situation will, generally, not occur, since one would assume that there is at least a 
small probability that at this time Z could be larger than However, if the gradient 
in ^(z,t) is sufficiently steep, this could result in numerical inaccuracies in computing 
(2.11). Indeed, such instabilities were noted in Borucki [18], as well as in this work, at 
large polishing times. 
Another potential violation of the regularity conditions needed for (2.11) relates to (R2); 
and, in particular, to /(z). From the chain rule for differentiation, it follows that (R2) 
requires /(z) be continuously differentiable. Even though it is differentiate, it is dis­
continuous at z = d(t). Hence, depending on how the mean distance, d(t), evolves over 
time, problems could also occur if this regularity condition is violated. We will not pur­
sue adherence to the above regularity conditions further in this work. The point here is 
to make the reader aware of them, in relation to assumed PDF models and to numerical 
issues that might arise in solving (2.11), and to keep them in mind in the event that 
model predictions perform poorly. 
2.2.2 An MRR Decay Model Assuming Elastic Contact between Wafer 
and Pad Asperities 
In keeping with Preston's equation (1.1), in [18] it was assumed that the mean MVtR(Z) 
(defined not in volumetric terms, but rather, as is usually done, defined in terms of 
wafer thickness changing rate) is proportional to the average real contact pressure, or 
equivalently 
where p and A/(f) are given by (2.7) and (2.8) respectively. The quantity C^, like C*, 
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is a constant of proportionality. Specifically, it is proportional to the relative sliding 
velocity between the wafer and the pad, and maybe related to the wafer's material me­
chanical properties such as the hardness, Young's modulus and/or Poisson's ratio. 
The definition (2.14) for the MAR quantity, MAR((), was chosen to be in keeping with 
Preston's equation (1.1). There is no other rigorous reasoning for this formula. This is 
noteworthy in a statistical sense. Specifically, it is generally not true that the expected 
value of a ratio of the same equals the ratio of their expected values. It follows that the 
MAR quantity, MAR(f), on the left side of (2.14) is not, in general, the expected value 
of the MAR. 
We will now rederive (2.14) in the context of our assumption of TV pad asperities. 
The value of this derivation is that it will highlight certain statistical assumptions that 
may, in fact, not hold. Even though it is beyond the scope of this work to investigate 
them, it is both appropriate and expedient to point them out here. 
To begin, we again remark that asperity heights are randomly distributed. Those asper­
ities in contact with the wafer will have different contact areas and will carry different 
loads due to their different initial heights. Also, asperities with lower heights will not be 
in contact with the wafer, so that they do not contribute to the removal of material from 
wafer surface. In (2.14), the expected total load divided by the nominal contact area 
Ao is the applied down pressure p, which is assumed to be constant. Consequently, the 
mean MAR(f) defined by (2.14) is time varying only as a result of the time-varying mean 
total contact area. We now offer a more physically sound derivation for (2.14), based on 
the M-RR(t) for a single asperity following Preston's equation (1.1) or Archard's law [26]. 
By Archard's law [26]or following Preston's equation (1.1), while it is not noted in 
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Borucki [18], it is clear from Preston [11] that, if this ^ asperity has height Z;(f), then 
the wafer material removal rate related to this asperity is given by 
f %(() > d(f) 
MAA(f) = ^ A (2.15) 
[ 0 Zi(() < d(t) 
In fact, (2.15) is the wafer thickness rate of change over the contact area A((). It is 
similar to (2.14); the difference being that (2.15) is for a single asperity. Thus, the 
material removed in volume per unit time for a single asperity is: 
A%(() = AW * MAR<(f) = C«,Ii(t) (2.16) 
The act of dividing the load associated with an asperity by the contact area to ar­
rive at (2.15), and then nullifying this operation to obtain (2.16) reflects the, perhaps, 
questionable manner in which MAR is defined in both (2.14) and (2.15). Defining it 
in terms of wafer thickness removed is natural from a machining viewpoint. But the 
fact is, wafer volume, not thickness, is removed. In fact, the total material removed in 
volume is the summation of the material removed in volume of all asperities, that is 
AV(t) = A%((). Hence, the total material removed, in volume per unit time, is 
given by 
JV AT JV 
Ay(() = A#) = 22 = = C^d(f) (2.17) 
i=l i= 1 i=l 
This total material removed in volume per unit time is generated over the actual total 
contact area 
N 
^actual (^) — ^ 1 -^i(t) 
The expected volumetric MAR from (2.16) is 
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E[A^(t)] = (2.18) 
and the expected total contact area 
N 
= (2-19) 
We can then choose to define the MAR quantity defined in (2.14): 
TTr^ûn^ £[AV(t)] C„£:[W)] Cu.Ej-Zl.Lm 
{  )  E[Aactuai(t)) E\A„aUt)] £[£,", A,(<)] ' ' 
Note that (2.20) is exactly equal to (2.14), but that it was derived via MAR properties 
associated with individual asperities, as opposed to being defined directly. The choice 
to define the MAA (in thickness), via (2.20) is just that, a choice. In fact, the total 
contact area is not equal to the nominal contact (or wafer surface) area. Hence, the 
volume removed over this area, divided by this area is, strictly speaking, the thickness 
removed over the actual contact area, not the nominal contact (or wafer) area. And so, 
an alternative definition of MAR could be volumetric MAA divided not by the expected 
value of the actual contact area, but by the nominal contact (or wafer surface) area. In 
this work, we will restrict our definition of MAA to (2.14) (or, equivalently, (2.20)), 
simply because it has been used in almost all previous works (e.g.Borucki [18]). 
In contrast to (2.14), the above development that resulted in (2.20) allows one to read­
ily incorporate further realistic assumptions. Examples include the fact that asperities 
do not have identical tip curvatures, and they are not equally spaced. Furthermore, 
it did not specify the type of contact between pad asperities and the wafer (elastically 
or inelastically). Thus, (2.20) is not only applicable to the model with elastic contact 
between pad asperities and wafer in the previous section, but also to the model with 
inelastic contact between pad asperities and wafer, which will be presented in a later 
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section. 
By gathering the above equations and placing them in the following order, we are led to 
the procedure proposed in Borucki [18] for predicting the mean decay: 
P = / [z - d(t)]3/^(z, t) dz (2.21a) 
A/(t) = 7T— / [z — d(t)]^(z,f) dz (2.21b) 
MAR(t) = ^ (2.21c) 
^(z,() = ^j[z - d(t)]i/2<Xz,f) j for z > d(() (2.21d) 
The mean total thickness removed from the wafer surface during a specified polishing 
time interval can be computed by integrating the above mean MAR(t): 
m 
TE(Wi) = / MRR(t)dt (2.22) 
The procedure for predicting the mean MAR(() decay, based on (2.21)-(2.22), begins 
by specifying an initial PDF <^o(z). Next, the load-balancing separation distance d(f) 
is computed from (2.21a), the actual contact area fraction, A/(t), is computed from 
(2.21b), and the mean MAR, MÂÂ(t), is obtained from (2.21c). The evolution equa­
tion for the PDF ^»(z, t) is computed approximately from (2.21d) at successive time 
steps. As the sequence of time steps progresses, the above steps the procedure can be 
carried out for any specified polishing time. The evolution equation, (2.21d), for the 
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PDF could be solved approximately by using 4^ order Runge-Kutta method for time 
integration and central finite differences for spatial derivative. It should be noted here 
that sparse matrix techniques should be used to solve the PDF evolution equation since 
a large 3-diagonal matrix computation is involved. 
2.3 The Influence of the Initial Pad Asperity Height Distribu­
tion PDF on Predicted MRR 
As the polishing process proceeds, the pad will wear. This wear will have a number 
of consequences. If the pad pressure is held constant, then the MRR will decrease, 
necessitating a longer polishing time. For this reason, it is usually the case that, as the 
pad wears, the applied down pressure is increased. However, this increase in pressure 
increases the probability of imparting a scratch, the size of which could destroy the 
wafer. In this section, we carry out a detailed analysis of the influence of the pad initial 
probability model on predicted MAR. We will show that this influence is significant. 
We will also show that there is a need for more research related to the selection of a 
proper initial PDF model. 
The Pearson family of PDFs is widely used to model the distribution of new and re­
conditioned pads [18, 30). The Pearson family of PDFs is a rich family, in the sense 
that it includes models with a wide variety of shapes. These can include symmetric, 
skewed, heavy tail, and truncated tail PDFs. The appropriate PDF is determined by 
three distributional parameters, namely, the standard deviation, skewness, and kurto-
sis. These parameters are functions of the first four moments of the random variable of 
interest. In practice, they are unknown, and so must be estimated. The MAA time-
dependent prediction model proposed in Borucki [18] and considered in this work makes 
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it possible to evaluate how the accuracy of estimators of these parameters influences the 
predicted MER over time. To this end, this section is organized as follows. First, a 
detailed review of the Pearson family of PDFs is presented. Next, the sensitivity of the 
values of skewness and kurtosis on two of the more popular members of this family is 
investigated. Finally, we illustrate how, even members of the same family can have a 
significant influence on predicted MAR. 
2.3.1 The Pearson Family of PDFs 
The structure of the Pearson family of PDFs [31, 32, 33, 34] is directly related to the 
following differential equation 
ij_ = Ktm-x) a > 0 
OT O 
The solution to (2.23) is: 
3/(z) = Ce 2= 
which, for C = e , becomes 7 V27TQ 3 
s/2 
1 (2.24) 
7TO 
We see that (2.24) has the form of a normal, or Gaussian PDF with mean m and 
standard deviation -,/â (or variance a). The Pearson family of PDFs is obtained (c.f. 
[31, 32, 33, 34]) by generalizing (2.23) to: 
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Equation (2.25) has one of the following possible solutions (for c ^ 0): 
-l/(2c) 
a + 6z -t- cz^ ezp 
(6 + 2cm)tan-i(r±^ k  V4ac—b2 • 
cv 4oc — 
or 
-l/(2c) 
3/ = C a + 6z + cz^ 2cz + 6 — — 4ac 
2 cx + b + \/b2 — 4 ac 
2cmJrb 
2 c%/t>2_4ac 
or 
y = c 2cz 4- 6 
-l/c 
ezp 
2 cm + b 
c(2cz -t- 6) 
for — 4oc < 0 
(2.26a) 
for — 4oc > 0 
(2.26b) 
for 6% _ = Q 
or 
(2.26c) 
Z/ = C a + 6z 
mb-fa 
b2 
ezp(-^) for c = 0, 6 ^ 0 and o > 0 (2.26d) 
The three main types (members) of the Pearson PDF family defined by (2.26) of concern 
in this work include (2.26a) and (2.26b). The solution (2.26a) is known as the Pearson-
IV PDF (which corresponds to 0 < ^ < 1). This PDF is defined on the domain 
(—oo, oo). It has a skewed bell shape with unimode equal to m. This PDF was used in 
Borucki [18]. It is one of the most popular PDF models for new and reconditioned pads. 
Solution (2.26b) is known as a Pearson-I (or Beta) PDF when ^ < 0 or Pearson-VI 
(Beta Prime) PDF when > 1. The Pearson-I PDF can also be expressed as 
3/(z) = C(z - 2i)*X%2 - z) \&2 where z% < z < z% and > —1, &% > —1 
Notice that this PDF equals zero outside of the interval zi < 0 < zg, where z% and 
Z2 are the two real roots (with opposite signs) of the polynomial in the denominator of 
equation (2.25). The constants and are functions of o, 6, c and m. When and 
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are both positive, the Pearson-I PDF has a bell shape with a single mode z = m,. 
When both and kg are between -1 and 0, the Pearson-I PDF is U-shaped. When one 
of and kg is positive and the other one is between -1 and 0, the Pearson-I PDF has a 
J-shape. Thus, the Pearson-I PDF can be chosen to be skewed or symmetric. 
Similarly the Pearson-VI PDF can also be expressed as 
%/(z) = C(%i — z)^(zg — z)*' , where — oo < z < Zi when 0 < Zi < Zg 
Or 
2/(z) = C(z — zj*' (z — zg)^ , where zg < z < oo when z% < zg < 0 
The and are also determined by the parameters o, b, c,and m in equation (2.25). 
The Pearson-VI PDF is defined on a half infinite domain, while the Pearson-I is defined 
on a finite domain and the Pearson-IV PDF is defined on the infinite domain (—oo, oo). 
2.3.2 The Influence of Pad Asperity Height Statistics in Relation to Se­
lection of A Proper PDF 
For the asperity height of a new or reconditioned pad, let cr denote the standard deviar 
tion, "y denote the skewness, which is defined as the 3^ central moment divided by 
and denote the kurtosis, which is defined as the 4^ central moment divided by <7*. 
We then have the following relationships between <%,/3,f, and the parameters a, 6, c, m 
in (2.25). Note that these relationships only hold for a Pearson PDF possessing a single 
mode and zero mean: 
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2/3 - 3f - 6 
^ " 10/3 - 12f - 18 
(2.27a) 
6 
= 
L2d£ff7 = (2'27b) 
a = (1 - 3cy = "\0/f12^_ l s  (2.27c) 
m = -6 (2.27d) 
Equations (2.27) provide a basis determining how inaccuracies in estimates of a, /3, and 
'y can lead one to an inappropriate member of the Pearson family. A full sensitivity 
analysis of (2.27), in terms of how changes in a, ^ and 0 influence the specific member 
of (2.27) might offer deeper insight, but for our purposes it is not necessary. Instead, 
we offer an example, via Figure 2.2 below. 
For completeness, the boundaries in this figure can be shown to be: 
Lower limit for all distribution: 
f - 1 = 0 (2.28a) 
Boundary of type I(J) region: 
4(4/3 - 3f)(5/3 - 6f - 9)= = f (/3 + 3)^(8/3 -9f - 12) (2.28b) 
Type III line: 
2/3 - 3f - 6 = 0 (2.28c) 
Type V curve: 
f(/3 + 3)2 = 4(4/3 - 3f)(2/3 - 3f - 6) (2.28d) 
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Pearson PDF System 
9 
_&4375_ 
Lower limit for all distribution 
8 _ 8th moment goes to infinity (for Pearson type IV) 
0 0.5 1.5 2 
Figure 2.2 Boundaries for the ranges of ^ and for various members of 
the Pearson family of PDFs. (Note: J=J-shaped, U=U-shaped, 
M=unimodal, N=normal) 
Line associated with an unbounded 8*^ moment: 
From the figure caption, one might note that Figure 2.2 is independent of the standard 
deviation. Two members of particular interest in this figure include the Pearson-IV and 
the Pearson-I(M) PDFs. The latter is a unimodal (bell shaped) PDF that is consistent 
with pad asperity characteristics. 
The oval in Figure 2.2 corresponds to the values of the estimated standard deviation 
<7 = 15.625, skewness 'y = —1.25 and kurtosis /3 = 6.875 of the initial pad asperity 
height distribution reported in Stein [22]. Clearly, these values support the use of a 
Pearson-IV PDF. Ffom this figure, one can also determine what level uncertainty in 
7(2/3 - 3f - 6) = 6(/3 - Y - 1) (2.28e) 
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these values would lead to selection of another Pearson family PDF. In the next sub­
section we will discuss elements related to the estimation of these parameters. For the 
moment, however, assuming that the confidence level for /3 reported in Stein [22], namely, 
[5.3125,8.4375], is a nonprobabilistic interval. Even though no confidence interval for "y 
was reported in Stein [22], we can use Figure 2.2 to determine the range of this param­
eter that will retain the Pearson-IV model. The equation for the line that is the lower 
boundary of the Pearson-IV PDF is approximately /3 = 2^ -t- 3. For values of below 
this line the appropriate pad PDF is a Pearson-IV model. It follows that, in addition 
to adhering to this boundary condition, the smallest permissible negative value for ^ is 
1.08, and the largest negative value is 1.64. Recall that the value reported in Stein [22] 
was ^ = —1.25. Even though a confidence interval for was not reported in Stein [22], 
if the width of this interval is even modestly comparable to the width of the confidence 
interval reported for /), namely ~ 3.1, that would suggest that the true value for ^ could 
be well outside of the above range. That, in turn, would imply that the pad asperities 
might not be well modeled by a Pearson-IV PDF. 
2.3.3 Influence of the Chosen PDF on MRR 
In the last two subsections it was noted that the estimates of the pad asperity stan­
dard deviation, skewness and kurtosis determine the appropriate member PDF of the 
Pearson family (2.27), and that even modest uncertainty in these estimates can lead 
one to question the appropriateness of the designated PDF. In this subsection we will 
demonstrate that even if the variability of these estimates is small enough that the 
member PDF can be assumed to be correct, such changes can significantly influence 
the predicted MAA. Figure 2.3 below shows the predicted MAA for two different 
Pearson-IV PDFs. The lower line corresponds to the estimates of the standard deviation, 
skewness and kurtosis (cr = 15.6330, ^ = —1.4918,/) = 7.7980; or, o = 180.0545,6 = 
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—7.56761011, c = 0.0877498142) that were conveyed to the authors (by one of the re­
viewers) as the correct values associated with the data in Stein [22]. The upper line in 
this figure corresponds to the actual values of these parameters reported in Stein [22] 
(<7 = 15.625,7 = -1.25,= 6.875; or, o = 174.0456,6 = -6.027222, c = 0.095703125. 
Note that the values of o, 6, c are not estimated directly, instead they are obtained from 
the estimate of cr, /3,7, and thus it is not necessary for them to have too many digits 
after the decimal points with physical meaning). One might argue that, in themselves, 
they are relatively close to those used in Borucki [18]. But in relation to predicted MAR 
they are significantly different. 
Total Thickness Removed in 5 minutes Cumulative Polishing Time Interval 
Borucki P-IV with 0=15.6330 Y=-1.4918 [3=7.798! 
Actual P-IV with a=15.625 f=-1.25 |3=6.875 
Both curve with same 
Ca=2.5E(-16) m/s/Pa 
Qw=1.6E(-16> m/s/Pa 
8000 
3500 
5 10 15 20 25 30 35 40 45 50 
Cumulative Polishing Time (mln) 
Figure 2.3 MRR decay model result comparison with different initial Pear-
son-IV PDFs 
It was reported in Stein [22] that the confidence interval for the initial was [14.062, 
17.187]. It follows from this, along with the confidence interval for noted above, that 
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one could argue that both curves in Figure 2.3 correspond to one and the same true 
values for cr and /3. Furthermore, the estimates of 7 are within 15 — 20% of one another. 
Figure 2.3 illustrates that the reported confidence intervals are unacceptably large, in 
relation to robust prediction of MAR. 
2.3.4 A Brief Discussion of Other Statistical Considerations 
It was noted in the last subsection that small changes (in relation to reported confidence 
intervals) in the pad asperity standard deviation, skewness and kurtosis can lead to sig­
nificant differences in MAA prediction. A rigorous statistical analysis of the estimators 
of these parameters is beyond the scope of this work, and would likely detract from 
it. But there are a few issues that are believed to be sufficiently important to warrant 
discussion. 
One issue concerns the potential that a confidence interval may be infinite. Because of 
the truncated nature of the Pearson-I PDF, all positive moments exist. This is not true 
for the Pearson-IV PDF, for which only a finite number of lower order moments exist. 
The highest finite moment depends on the coefficient, c, in (2.27a). If the order 
moment exists, but the (r + 1)*^ order moment does not exist, it follows that c < 
Any consideration of use of a Pearson-IV PDF for specified cr, 7, /3, requires existence 
of the 4^ order moment, which, in turn, requires c < 1/5. One might recall that the 
confidence interval for an estimator of the moment of a random variable depends 
on the (2r)^ moment. If the (2r)^ moment is infinite, then so will be the confidence 
interval. The uppermost line in Figure 2.2 is the boundary, above which the 8*^ moment 
of a Pearson-IV random variable is infinite. At the location of the oval in this figure, 
the critical value for /3, above which, the confidence interval for will be infinite is 
/3cr — 7.6. Note that this value is well within the confidence interval for reported 
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in Stein [22]. The implication here is that there are values for ,0 that correspond to a 
Pearson-IV PDF, but they cannot be reliably estimated, no matter how much data is 
used. Therefore, in estimating /3, one must be careful that the confidence interval for 
the estimator does not include such values. For, if indeed, the true value of equals a 
value such as 7.6, then the estimator of it has no confidence interval. 
A second concern is related to statistics other than those that have been discussed to 
this point, including the standard deviation, skewness and kurtosis of the pad asperity 
height distribution. The statistics in question here are estimators of the two wearing 
rate coefficients in the MAR model proposed in Borucki [18]. The first is the parameter 
Co in (2.9), which is the proportionality constant that relates the rate of change of an 
asperity height to the local pressure applied to it. The second is the parameter C%,, 
defined in (2.14), which is the proportionality constant that relates the MAR to the 
(mean) applied down pressure p and the ratio of the mean contact area to the nominal 
contact area Usually, the values of these parameters are not known, and so, must 
somehow be estimated. For example, in Borucki [18] they are estimated by matching 
the MAR prediction to experimental data in the early stage of the polishing process. 
Based on the above discussion in relation to the selected model PDF and reliability of 
estimates of other statistics, a rigorous statistical analysis of the estimators of these two 
wearing rate coefficients would be nontrivial, and is well beyond the scope of this work. 
However, they do play an important role in MAA prediction. Because the parameter 
C* defined in (2.14) is proportionality constant relating MAA to the applied down 
pressure, the predicted MAA will be directly influenced by the choice of this parameter. 
The influence of the specification of this parameter on predicted MAA is illustrated in 
Figures 2.4, 2.5 below. 
In Figure 2.4 C%, = 1.6 * 10"^ m/s/Pa, which is the numerical value used in Borucki 
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Total Thickness Removed in 5 Minute Cumulative Polsihing Time Intervals 
10000. 
9000' 
& 8000, 
C 7000 
1 
| 6000 
5000 
4000 
5 10 15 20 25 30 35 40 45 50 
Cumulative Polishing Time (min) 
Figure 2.4 MRR decay model result vs. Stein's experimental result (Lot A) 
for Cg = 2.5 * 10"^ m/s/Pa and C%, = 1.6 * 10""^ m/s/Pa. 
[18]. Recall, that in [18] this value was obtained by matching the MAA prediction to 
the experimental data for the first two time points. By increasing the numerical value 
of this parameter by 20%, the prediction performance in Figure 2.5 was obtained. This 
figure illustrates two points. One is that obtaining a numerical value for C*, by model 
matching in the early stage of polishing can give poor overall prediction performance. 
The second is that a modest change in the estimate of this parameter can lead to sig­
nificant variations in prediction performance. 
! ! ! ! 
MRR Model Result with 
—s— Ca=2.5E(-16) m/s/Pa 
Cw=1.6E(-16) m/s/Pa 
—e— Stein Exp. Data (Lot A) 
—*— Exp. Data CI 
— 
3 I ^ 
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Figure 2.5 MRR decay model result vs. Stein's experimental result (Lot A) 
for G* = 2.5 * m/s/Pa and = 1.92 * 10"^ m/s/Pa. 
2.4 MRR Decay Model with Inelastic Contact between Pad 
Asperities and Wafer 
The MAR decay model (2.21) assumes that the pad asperities behave elastically. How­
ever, it is, arguably, more realistic to assume that they behave inelastically One argu­
ment is based on possible strain-hardening effects during the CMP process, since higher 
asperities in contact with wafer is subjected to very high local contact pressure. Another 
relates to relaxation of the pad modulus of elasticity [18], due to water penetration [25]. 
Larsson, et al [35] proposed the following stress/strain model for the inelastic relation 
of a rough surface (here the pad asperities): 
a = (2.29) 
! ! ! ! 
MRR Model Result with 
—a— Ca=2.5E(-16) m/s/Pa 
Cw=1,92E(-16) m/s/Pa 
O St( sin Exp. Data (Lot A) 
p. Data CI 
XX 
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Here, ê is the rate of change of the strain 6, g is the stress and So is the material constitu­
tive parameter. The exponents M and TV are strain hardening and creeping exponents, 
respectively. If creeping is ignored, as it is in the following analysis, then TV = 0. If, 
in addition to TV = 0, we have M = 1 in (2.29), we then have the situation of elastic 
contact, with 3o = 
In contrast to the circular contact area for a single asperity in elastic contact with the 
wafer, given by (2.2), the contact area for inelastic contact (for (Z > d)) is given by 
Larsson et al [35] as: 
A = 2%-(f (Z — d)/K, (2.30a) 
where 
= 1.43 (2.30b) 
The load associated with the contact area is given by [35] as: 
I ,  =  m r a ^ g o ^ — ( 2 . 3 1 )  
where 
a = 3, A = 1/3, a2 = 2c:(Z-d)/K, (2.32) 
Here a is the radius of the circular contact area. 
By setting the load for the inelastic contact model (2.31) to be comparable to the load 
for the elastic contact model in (2.1) when there is no strain-hardening effect (M = 1), 
the pad material constitutive parameter gg is related to the equivalent Young's modulus 
E'* as 
O 27* 
so = —— (2.33) 
OTT 
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which has a scaling factor of 0.85 (or ^), not 1.00. This is caused by the slight difference 
of the contact areas (2.2) and (2.20) when there is no strain-hardening effect, that is 
when M = 1. The contact area in the inelastic contact model, (2.20), is about 8% larger 
than that in the elastic contact model, (2.2). This difference of the contact area and/or 
the load carried by a single contact asperity in the elastic and inelastic contact model is 
another issue which will not be further explored in this paper. 
Having (2.30) and (2.31), it is straightforward to arrive at a model that is similar to the 
elastic model (2.21), but is based on the assumption of inelastic contact. To this end, 
using (2.30) and (2.31) we obtain the following relations: 
-I roc 
p = ((?K,/2y+^ / ^ (2.34a) 
A/(f) = 27T(f— / [z - d(()j<^(z,()dz (2.34b) 
^(6(z, t) = CoaA^ao(c%/2)^_^.{[z _ d(f)]^/^(z, where z > d (2.34c) 
MH#) = ^ (2.34d) 
From equations (2.32), (2.33) and (2.34), we obtain the following M.&R decay model for 
the inelastic contact between wafer and pad asperities: 
P = /°°[* - t) dz (2.35a) 
J d(t) 
j4/(() = 2?r(f— / [z — d(f)]d»(z,t) dz (2.35b) 
Vd(() 
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t )  =  - — ( ^ ^ ) ^ ^ { [ z  -  d ( < ) ] ^ < 6 ( z ,  ( ) }  w h e r e  z  >  d  
(2.35c) 
MAR(() = (2.35d) 
The wearing rate coefficients Co, C%, and stain-hardening exponent M are related to 
material properties and/or the CMP speed. So, when the pad and wafer and the CMP 
operating speed are given, they are deterministic parameters, not fitting parameters. 
However, because the parameters Co and C%, are not generally known, in Borudd [18] 
they were obtained by forcing the initial two predicted MAR decay values to the ex­
perimental data of Stein [22]. If we assume that the values for the two wearing rate 
coefficients Co and C* given by [18] for pad from lot B are correct and accurate, then 
Figure 2.6 below gives the predicted MAR decay using (2.35) for various values of M. 
The results in Figure 2.6 were obtained using the initial Pearson-IV PDF according to 
the actual initial statistics of pad asperity height distribution reported in Stein [22]. 
The values of the parameters and p are the same as given in Borudd [18]. 
From Figure 2.6, we see that the inelastic contact MAE decay model (2.35) gives better 
results than the elastic contact MAR decay model (2.21). For inelastic contact MAR 
decay model (i.e. with M = 1), only the first point does not match the experimental 
result, but it is closer to the experimental value than the elastic contact model result is. 
For M = 0.975, several of the middle points show slightly higher model result than the 
experimental result. 
We see that when there is no strain-hardening effect (M = 1) in the inelastic contact 
model, the model result is very close to the elastic contact model result since there is only 
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Total Thickness Removed in 5 Minute Cumulative Polsihing Time Intervals 
10000 b— Elastic Contact 
0— Inelastic Contact (M=1.0) 
V— Inelastic Contact (M=0.975) 
6— Stein Exp. Data (Lot B) 
Exp. Data CI 
Ca=2.5E(-16) m/s/Pa 
Cw=1.6E(-16) m/s/Pa 
Initia P-IV PDF 
from Stein's Data 
f 7000 
20 30 40 
Cumulative Polishing Time (min) 
Figure 2.6 Comparison of the predicted material removal using the inelastic 
contact model (2.35), elastic contact model (2.21) and the exper-
imental data from Stein [22] (Lot B) with the initial Pearson-IV 
PDF using actual statistics from [22]. 
a slight difference in contact areas, and no difference in the load for these two models. 
By decreasing M, the strain-hardening effect increases; that is, the pad becomes harder 
after asperity is compressed against the wafer. The result is that the material removal 
rate becomes higher, and the MAE decay is accelerated. For M = 0.975, we see that 
the inelastic contact model (2.35) predicts the experimental result associated with pads 
from lot B in Stein [22] well. 
In Borucki [18] only one set of the experimental data for pads from lot B given in [22] 
was used to compare with model result. To further assess the validity of the model 
(2.35), we offer Figure 2.7 below, based on the lot A data in [22]. (This data was not 
addressed in [18].) 
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Total Thickness Removed in 5 Minute Cumulative Polsihing Time Intervals 
10000 Elastic Contact 
Inelastic Contact (M=1.0) 
Inelastic Contact (M=0.95) 
Stein Exp. Data (Lot A) 
Exp. Data CI 
Ca=2.5Ef-16) rhWPa 
Cw=1.6E(—16) m/sPa 
Initial P-iV PDF 
from Stein's Data 
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Figure 2.7 Comparison of the predicted material removal using the inelastic 
contact model (2.35), elastic contact model (2.21) and the exper­
imental data from Stein [22] (Lot A) with the initial Pearson-IV 
PDF using the statistics provided in [22]. 
For the experimental data set (Lot A) associated with Figure 2.7, the values of Co and 
C* are those used in Borucki [18]. In Figure 2.7 we see that the inelastic contact MRR 
decay model with M = 0.95 gives a very good match with experimental results for 
polishing times up to 25 minutes; whereas the elastic contact ME A model does not. 
Considering that the value of the pad parameter, Co, in [18] was given for data set B 
(using pads from lot B), we could consider changing it, as well as the strain hardening 
parameter M value slightly since the MEE decay rate is slower for data set A than 
that for data set B, then the Co value for data set A should be a little bit smaller than 
2.5 * 10"^ m/s/Pa. Here, we will take it to be 2.0 * 10"^ m/s/Pa. Figure 2.8 shows the 
model result compared with the experimental result. Now the inelastic contact MEE 
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decay model with M = 0.95 using slightly smaller value of C* = 2.0 * 10'^ m/s/Pa 
predicts the experimental result (data set A) very nicely for polishing time up to 45 
minutes. This suggests that the inelastic contact model can offer better performance 
than the elastic contact MAR decay model. 
Total Thickness Removed in 5 Minute Cumulative Polsihing Time Intervals 
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Figure 2.8 Comparison of the predicted material removal using the inelastic 
contact model (2.35), elastic contact model (2.21) and the exper­
imental data from Stein [22] (Lot A) with the initial Pearson-IV 
PDF. 
Note that in Figures 2.7 and 2.8 we maintain the same value for the wearing rate coef­
ficient Cw, but the values for the wearing rate coefficient C* and the strain-hardening 
exponent M differ slightly. The rationale for this is that the pads are from a different lot 
but the wafer is the same, so C%, should be the same but and M might be different. 
However, one must keep in mind that both M and C* were obtained as fitting parame­
ters. Hence, one could argue that the model was, to an extent, destined to perform well. 
Inelastic Contact (M=1.0) 
Inelastic Contact (M=0.975)j 
Inelastic Contact (M=0.95) 
Stein Exp. Data (Lot A) 
Exp. Data CI 
Ca=2.0EM6) m/s/Pa 
Cw=1,6E(-16) m/s/Pa 
Initial P-IV PDF 
from Stein's Data 
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We would agree. In fact, estimating this, as well as other parameters in such a way, has 
the effect of making these estimates samples of random variables. From that point of 
view, it is natural and expedient to assess the statistical accuracy of these estimators. 
We have noted no such type of assessment in the literature, to date. 
2.5 Summary and Conclusions 
The intent of this work was to investigate and continue the development of the timely 
and novel time-varying MAE prediction model for CMP presented in Borucki [18]. Our 
investigation began by rederiving the method given in [18]. Our derivation differed from 
that in [18] in two respects. First, we began by considering MAE associated with a single 
asperity. This allowed us to more clearly identify statistical issues that might otherwise 
be overlooked. It also permits one to incorporate more types of realistic assumptions 
concerning the pad. Examples mentioned include assuming the pad asperities to have 
random tip radii and random spacing. Next, we addressed the influence of the initial 
asperity height distribution probability density function (PDF) in relation to predicted 
MAE. We noted that the selection of the initial PDF can have a significant effect on 
prediction performance. Using two data sets given by Stein in [22] it was found that 
the elastic model can lack consistency in performance. This motivated us to consider 
an inelastic model. It was shown that this model can offer improvement. However, for 
both model types there are model parameters that must be carefully chosen to achieve 
good performance. 
In conclusion, we believe that the MEE time-varying prediction model proposed by 
Borucki in [22] has significant potential, and that this potential can be enhanced with 
careful selection of the pad asperity PDF, and by assuming inelastic contact between 
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the pad and the wafer. We also believe this PDF, as well as a variety of model param­
eters need to be more carefully investigated within a statistical framework. Finally, it 
is worth noting, again in relation to the pad PDF, that it is the upper tail of this PDF 
that dominates the MAR behavior over time. However, in this work, in [18], and in 
every other work we studied in relation to this PDF, the specific PDF model is based on 
the Erst four moments of the pad asperity height. It is well known that such low order 
moments are generally not capable of accurately characterizing the tails of a PDF. This 
issue is complicated by the fact that, as noted in Section 2.3, because these moments 
are usually not known a priori, they must be estimated. Consequently, if an insufficient 
amount of data is used to estimate them, the confidence intervals for these estimates 
may be infinite. For these reasons, and because this PDF does, indeed, have a significant 
influence on predicted MAR, we believe that alternative methods that focus only on the 
upper tail of the PDF could lead to notable improvement. Such methods are central in 
the theory of large deviations (e.g. Bucklew [36]). 
2.6 Appendix 
2.6.1 The Pearson PDF Types 
In section 2.3.1, we give the general form of the three main types of Pearson PDFs 
(Pearson-I, Pearson-TV and Pearson-VI) obtained from equation (2.25). According to 
(2.25), (2.26), the Pearson PDFs could be classified in detail as the following. 
Let ci and eg be the roots of the denominator in (2.25), a + kc + caf. Then the possible 
types of of Pearson PDF from equation (2.26) are 
0. 6 = c = 0, o > 0, —oo < % < oo, normal distribution (solution is of form (2.24)); 
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1. ^ < 0, Ci < z < Cg, beta (Pearson-I) distribution (solution is of form (2.26b)); 
2. ^ = 0, c < 0, —Ci < z < C — 1, where c% = Y (solution is of form (2.26b)); 
3. ^ = oc, if 6 > 0 then ci < z < oo, if 6 < 0, then —oo < z < ci, where c% = — 
gama distribution (solution is of form (2.26d)); 
4. 0 < ^- < 1, then —oo < z < oo, Pearson-IV distribution (solution if of form (2.26a)); 
5. ^ = 1, if 2cm + 6 > 0, then c% < z < oo, if 2cm 4- 6 < 0, then —oo < z < c%, where 
cl = —^ (solution is of form (2.26c)); 
6. ^ > 1, then ci < z, oo or —oo < z < eg, where eg is the smaller root, and c% is the 
larger root, beta prime (Pearson-VI) distribution (solution is of form (2.26b)); 
7. ^ = 0, or 6 = 0, and c > 0, then —oo < z < oo, students' t-distribution (solution if 
of form (2.26a)). 
There are other classes that are discussed (see [31, 32, 33, 34]) but we will not discuss 
them in detail here. 
2.6.2 The Derivation of the Relationship between Parameters o, 6, c, m 
and (7,"y,/3 in (2.27) 
If the Pearson PDF possesses a unimode, then the value of m must be in the range of z, 
and it will be at z = m since at a mode its first derivative ^ should be zero, and when 
z < m, the PDF curve should be strictly increase (4* > 0), and when z > m, it should 
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decrease strictly (4% < 0). Let ;/(z) = 0 at c% and eg, where these may be —oo or oo. 
If ^ also vanishes at c% and c%, then the moment and (r4-1)^ moment exist, then 
^ ^(o4-bz4-caf)z''dz = ^ y(m — z)z^ dz (2.36) 
which gives 
rc2 rc2 
[2/(o4-6z4-cz^)z'']^—/ y[orz''""^4-6(r4-l)z^4-c(r4-2)z^^ dz = / ^(mz''—z^) dz 
J Cl JC\ 
(2.37) 
0— / ?/[arz^ ^ 4- 6(r 4- l)z^ 4- c(r 4- 2)z^"*"^] dz = / %/(mz^ — z^) dz (2.38) 
Jci J Cl 
Now define the raw moment by 
C2 
i/ = / yz^ dz (2.39) 
CI 
Then combining (2.38) with (2.39) gives 
a r 4- 6(r 4- l)i/r 4- c(r 4- 2)z/r+i = —nw/r 4- fr+i (2.40) 
For r = 0 
6 4- 2ci/i = —m 4- i/i (2 41) 
so 
" •  -  BL < 2 - 4 2 '  
and for r = 1 
o 4" 2hv\ 4- 3C^2 — —TW/% 4- 1/2 (2.43) 
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so 
= g + (m + 2%, (2.44) 
^ 1 -3c ^ 
If the distribution has a mean of zero, then = 0 and m = —6, and i/& = /it for 
t = 1,2,3, where are the central moments. Then we have 
v<i — 
3c 
= \ii — a (2.45) 
and for r = 2 
2av\ + 3bv>2 4- 4CZ-,3 — —mis2 4~ ^3 (2.46) 
then 
36 +m 26 % , f/3 = 1 T-z/2 = 1 = Ats (247) 
1 — 4c 1 — 4c 
For r = 3, we can get 
3ai/2 4- (46 4- 771)1/3 4- 36^-% 2^^2 
1,4 
= V -Sc  = l - s T  = "4 (2 48) 
Then we can solve for a, 6, c and m according to the given standard deviation cr, skewness 
"y and kurtosis where 
and 
7 = /^3 ^3 
^2 (T* 
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which gives 
2/3 - 3f - 6 
c 
10/3 - 12f - 18 
(2.49a) 
» = ^  = <2'49b) 
a  = ( 1 - 3  c y  =  ° - \ 0 f } V 1 2 ^ -  1 8  ( 2 . 4 9 c )  
m = — h (2.49d) 
Equation (2.49) is exactly the equation (2.27). 
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CHAPTER 3 Statistical Analysis of the Prediction of 
Material Removal Rate (MRR) in CMP 
Abstract 
Most of the previous work related to the prediction of the material removal rate (MAR) 
to date has been concerned with the ideal case, and emphasis is put on the M.R.R de­
pendency on the applied pressure as well as the sliding velocity, wherein there is no 
randomness associated with either the pad or the slurry. In this chapter, we develop an 
expression for the MAR that takes some of this randomness into account. A comparison 
of the expected MAA predicted from our results and those of [19] reveals some minor 
discrepancy in the dependence of the MAA on the nominal pad pressure. 
3.1 Introduction 
The goal of this chapter is to incorporate the random nature of a variety of variables 
associated with CMP MAA. This process involves the behavior between the pad pres­
sure and the local forces acting on the material, as well as how those forces relate to the 
MAR. First, we develop an expression for the local material removal rate (Z,MAA), 
that is, the material removed by a single slurry particle forming a trench in the wafer 
and moving at a constant velocity. Next, we develop an expression for the total MAA 
per unit wafer area, based on the slurry concentration. This expression will differ from 
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that in [19], in that it will depend on the probability distribution of the slurry particle 
diameter. Finally, we will conduct a statistical analysis of the above expressions based 
on statistics of the FEM regression model parameter estimates. 
3.2 Development of the Local Material Removal Rate(IzMRR) 
3.2.1 Pad / Wafer Relations 
Using a finite element model approach associated with Figure 3.1 below, Bastawros [19] 
arrived at the following power law model: 
2 R 
Figure 3.1 FEM model of the long-range asperity contacts for a porous pad, 
from Bastawros [19] 
(3.1) 
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Table 3.1 includes the definitions of the variables in Figure 3.1. as well as others they 
depend upon. 
Table 3.1 Pad variables associated with Figure 3.1 
Variable Definition Numerical Value 
Dv pad average pore diameter ~ 50//m 
A long wavelength roughness « 15Dp —» 20D„ 
a asperity amplitude i-y 0.1 Dp —• 0.2Dp 
R local contact radius Ai 
Ai local roughness ~ 2 Dp —• 4 Dp 
£i FEM fitting parameter % 1.35 — 6.71 for between Ï.0 — Ô.1 
n FEM fitting parameter % 0.3 — 0.37 for ^ between 1.0 — 0.1 
Fn normal force 
Po average pad pressure over area A^ III 
We remark that both of the FEM fitting parameters depend on the ratio ^(c.f Figure 
6 of [19]). In the FEM method the elements were assumed to be identical. In practice, 
however, they are more realistically represented as a step function approximation of 
the long wavelength roughness random Held. This point will be addressed in the next 
section. Also note that fo is the defined average pressure associated with over an 
area A^. Since all forces result from the pad pressure fb, in fact, is, consequently, a 
reflection of the extent of the influence of this pressure on a given pad asperity. Hence, 
one can view A as the correlation length relating pad pressure to force applied to a given 
asperity. The definition of above is tantamount to placing a uniform probability 
distribution on the influencing pad pressure over an area A^ centered at the asperity. 
We now show that the regression model investigated in [19] is a consequence of a the­
oretical expression of the form 3.1, where n = 1/3 and = (SAi/A)^. To this end, 
We assume that the local contact asperity dimension A% is the diameter of a spherically 
shaped asperity. In this case, a Hertzian contact model [28] gives a circular contact area 
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with radius A = where A = ^ = , 9^2 
1/3 
which is the indentation 
distance of the asperity height. The contact area is v4 = TrP^ and the contact load is 
= ^E*(Ai/2)^^A^. Then we can have 
8E* (3.2) 
where E* = (Ej"^ + _E^)""i and Eo are the wafer and pad's Young's modulus re­
spectively. Let Pi denote the normal pressure associated with the spherically shaped 
contact asperity. Then a simple force balance yields (Note that the actual local contact 
area is a circle with radius B, not a circle with radius Ai/2): 
jr, = ^A2 = Pi7r#2 
Substituting the rightmost expression in (3.3) into (3.2) gives 
3fLA 3^1 r, _ n2 
8E* 8E -PiTrA 
Solving (3.3) for Pi in terms of fb gives 
Pi = (Po/7T)(A/E)' 
Prom (3.4) it can be obtained 
A 1/3 (fo/2 *\l/3 
Hence, 
(3.3) 
(3.4) 
(3.5) 
(3.6) 
a 
I %(^i/^) 
1/3 
(Po/E*)'/" (3.7) 
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or 
p M 
y = g(Ai/A)(l + Eo/E^) (fb/Eo)^ 
11/3 
(3.8) 
Comparing (3.8) to (3.1) reveals that 
n — 1/3 (3.9) 
and 
6 — g(^iA)(l + Eo/E^,) 
1/3 
(3.10) 
Finally, if we assume that E%, Eo, then E* = Eq, then in this case, a comparison 
of the numerical results given in Figure 6 of [19] and (3.10) is given in columns two 
and three of the table below. These columns do not compare favorably. However, if 
(3.10) is scaled by a factor of 2, as shown in the fourth column of this table, there is 
very good agreement. This scaling operation may be viewed as multiplying by eight the 
short wavelength asperity diameter, Ai in (3.10). A justification for this is the Hertzian 
elastic contact model is based on a linear stress/strain relation, while the pad, due to 
its soft nature in relation to the wafer, is highly nonlinear. However, the FEM model 
used to obtain the regression model (3.1) does not presume elastic contact. And so, it 
is likely that this regression model results in a short wavelength asperity diameter that 
is significantly larger than that associated with the Hertzian contact model (3.2). In 
the case of the pad material related to this table, this suggests that this diameter is 
approximately a factor of eight larger. 
As was noted in [19] and shown in Table 3.1, the regression parameter, n, was approxi­
mately 1/3, regardless of the ratio Ai/A. This observation is consistent with (3.10). 
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Table 3.2 Comparison of values of (3.10) and estimates obtained from re­
gression model (3.1) 
Ai/A estimated from (3.1) (i computed from (3.10) 2fi computed from (3.10) 
0.125 0.71 0.361 0.722 
0.5 1.1 0.572 1.145 
1.0 1.34 0.721 1.442 
3.2.2 Slurry Particle Relations 
We now proceed to describe the interaction between a pad asperity, a slurry particle 
within the wafer-pad asperity contact area, and the work piece (wafer). Typically, the 
effective diameter of a slurry particle is on the order of 50-200 nm. Thus, it is significantly 
smaller than the local contact radius, A, which, from Table 3.1, is on the order of Dp. 
This observation leads to the pad agperity-slurry particle-work piece model in Figure 
3.2. 
Figure 3.2 Simple schematic of the pad-slurry particle-wafer contact model 
A relation between the local contact pressure, and the extended pad/wafer contact 
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length, Z , wag obtained via a FEM-based regression model in [19], which is given by 
The force applied to the particle by this local contact is given in [19] as 
=  d < 7  < 1  ( 3 . 1 2 )  
where Z, is the spacing between slurry particles associated with a given pad asperity. 
The constant ^3 is included in this, otherwise, obvious expression, in order to account 
for the lesser effect of the pressure near the edges of the extended contact region. Using 
the relation (3.11) in (3.12) gives 
Fj = (3.13) 
Rather than providing the expression for the particle force in terms of pad pressure fb by 
using (3.5) in (3.13), we will, instead, develop the material removal rate for this particle. 
3.2.3 Material Removal Rate for a Single Slurry Particle 
If, as in [19]. we assume that the particle with diameter, d, creates a trench in the wafer 
having area 
(3.14) 
and moves 
tide is 
=  2 / f t y / 2  
d 
t a speed then the wafer material removal rate associated with this par-
MEE(d) = = 2/^2(3^3/2 %d" 
3m 
(3.15) 
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Now, we can substitute (3.5) into (3.15) to obtain an expression for the particle removal 
rate in terms of the nominal pad pressure ft,. Since 
ft) / 3Ai fb 
7T 8AE* 
-2/3 M4 
then 
-2/3 
^.2/3^/3 (3.16) 
M##(d) = k^^(?r/4)^l (3Ai/A) \2m-l Pr 
1/2-m 
0 (3.i7: 
O^E-3™E.2m-l 
Notice from (3.17) that, since A%/A is a property of the pad, the MAR associated with a 
single slurry particle is proportional to its diameter squared and the nominal pad pres­
sure to the power 0.5 — m. Thus, for m = 0.42, as in [19], this power is approximately 
0.08. 
Alternatively, we can express (3.17) in terms of given in (3.10): 
M##(d) = (3.18) 
There is a subtle difference between (3.17) and (3.18), namely that in (3.18) all asperities 
are assumed to have the same A%/A ratio. Because we will assume particles wherein this 
ratio is a random variable, we will rely more on (3.17) in the following. We now proceed 
to use information related to the asperity and particle concentrations to arrive at an 
overall expected material removal rate. 
3.3 Overall Expected Material Removal Rate 
We will assume that there are a total of n* pad asperities in contact with the wafer, and 
that their defining sets of variables [A(j),Ai(j)],j = l,...,#* are mutually independent 
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and identically distributed (nd). Corresponding to the ^ asperity, we will assume that 
there are 7^ particles with diameters We will also assume that these particle 
diameters are W random variables. To simplify notation, for any variable X, denote its 
mean, variance, and probability distribution by 
= #(X); = For(X); /x(z) (3.19) 
respectively. Now, for a given number of asperities, n*, and a given number of particles, 
Mj, associated with the asperity, the total material removal rate is obtained from 
(3.17) as 
Mo ry no Tij 
AfEE = MEA(dj(A:)) = m ^^(jf ""%(&)' (3-20) 
j—1 k=1 j—1 fc=l 
where we have defined 
P(j) = Ai(;)/A(j) (3.21) 
and 
K = [2(^(?r/4)^]3^-^ Po 
1/2—m 
(3.22) 
Equation (3.20) is a key result in this work. It identifies the dependence of the total 
MAE on the pad asperity ratios and on the slurry particle diameters. Because of the W 
assumptions above, it follows that, for any j and &, we have the following expected values: 
AWj(k) — (3.23) 
Note that since the expectation operation, E(*), is a linear operation, in general, it 
follows that ^ //j:. Hence, for given and the conditional expected value 
of (3.20) is 
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Ha "j 71a "j 
yi (3.24) 
j=1 k=1 j=1 fe=1 
We assume next, that the numbers of active particles associated with each asperity in 
contact with the wafer are W random variables, with mean ^ and that they 
are independent of the number of asperities in contact with the wafer, which has 
mean - Then the expected MBA is simply 
ft MRR — K fj,nafj,p2m-l Hfp (3.25) 
We are now in a position to utilize pad and slurry particle concentration information. 
We first address the mean relations associated with the asperities. Let 0 denote the 
expected long wavelength fraction of the pad area associated with asperities that are in 
contact with the wafer. The expected number of asperities in contact with the wafer 
is //no, and the expected long wavelength area associated with each asperity is . By 
assuming that the number of asperities in contact with the wafer is independent of the 
long wavelength associated with any of them, it follows that 
/3 fina H\2 j Ay (3.26) 
or 
/4io — ,0 .<4%, / (3.27) 
Concerning the slurry, let a denote the expected particle concentration, by volume. A 
contacting asperity has an expected contact area Tr/a# (The contact area is a circle 
with radius A). Following [19] for the moment, we will assume that the mean distance 
between the pad and the wafer is equal to the mean particle diameter, /y. Since the 
expected number of particles in this volume is it follows that 
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c = tdlMÊ. (3.28) 
or 
^ (3.29) 
Substituting (3.27) and (3.29) into (3.25), along with the definition of % in (3.22) gives 
^ ^ (3.30) 
At),: 
To address the last term in (3.30), notice that, from (3.7), we have 
E[(#/A)2] = E /3Ai^, I 8AE* 
\  2 / 3  / o p  \  2 / 3  
) = (&#) £|(VA)2'3] (3.31) 
If we assume that A and A are independent random variables, then (3.31) becomes 
/ 9 D \ 2/3 
Bp/A)2] = E[B?]E[\I\2} =  ( ^ J  E [ ( A , / A ) 2 / 3 ]  ( 3 . 3 2 )  
If we further assume that A and A% are independent, then (3.32) becomes 
/ q p \ 2/3 
E [ { R j \ f ]  =  E \ B ? ] E \ \ j \ 2 ]  = Wj £(A2/3]£[{1/A)2'3] (3.33) 
But even under such strong assumptions, we can go no further than (3.33) without vi­
olating the linearity of the expectation operator, unless we assume that a first order 
Taylor series expansion of these nonlinear functions is appropriate, or that the variables 
are, in fact, nonrandom. We should notice that in general E ^ if % ig & 
random variable and r is a constant. In the case when A is nonrandom, 
EM = A", E[l/A^ = 1/A%, E[(l/A)^] = 1/A^ (3.34) 
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we can then justify the following relationship 
go \ 2/3 
8E' /i.2/3 /A^ (3.35) 
Substituting (3.35) into (3.30), along with (3.22) gives 
/waa = [32™+2/3^3/2^/4)3m^ 
r,7/6-m 
0 
^3/2^.2m-l/3^-3m ad A 
ftd ftd? 
//j3 -/^pZT, 
//^/3 
A^/3 (3.36) 
In the case where the variables d and Ai are also nonrandom (the p is also nonrandom), 
we have 
ftd ftd2 
= 1 (3.37a) 
and 
//\2/3 
f l p 2 m ~ l  _ ^2m-l/3 A2/3 = P (3.37b) 
In this case, (3.36) becomes 
//MRA = [3^/%^(7r/4)^]^ Pf 
7/6—m 
0 (3.38) 
From (3.9),(3.10), it follows under these assumptions that (3.38) can also be expressed 
in terms of the regression parameters in (3.9) and (3.10). If we assume, as in [19] that 
Eg = E*, then we have 
//MM = ^3m^_1^3/2^^ 
The predicted total MAA in (17) of [19] is 
,7/6—to 
0 
—3/2 p-(m+1/3) (3.39) 
q p3/2—(n—6nm+3m) 
<7^ Z!,Q 
(3.40) 
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Notice that when n = 1/3 in (3.40), we get almost the same formula as (3.39) with just 
a minor difference of the power coefficient of d. Further if m = 1/2 with n = 1/3, then 
(3.40) and (3.39) are identical to each other. 
For an IC1000 CMP pad with Ai/A = 0.125 in [19] the numerical parameters associated 
with (3.40) include: ^ = 0.71, M = 0.375, & = 1.1, (3 = 1.55, m = 0.42, 0 = 0.35. With 
these numerical values, (3.40) becomes 
p0.81 
MJZB = 4.36 3/2p_o69^ ^ " (3-41) 
0% f/n 
Using the same values in (3.39) yields 
po.75 
/^MAR = 3.39 3/2° -0 75^ ^ (3 42) 
If, however, we use the values for the regression model (3.1) given by (3.9), (3.10), 
% = 1/3,6 
from (3.39) 
, & = (^-)^^ = (§ * 0.125)^^ = 0.0156 (Note: this ^ is very small), we obtain 
po.75 
= 0 0103-r^——a u (3.43) 
and from (3.40) 
po.75 
= 0.0132 —a A, u (3.44) 
Notice that in either case, the main difference between our predicted expected M&R 
and that of [19] is the constant (the power coefficients for the nominal pressure fb and 
pad Young's modulus Eg also have only minor difference). In [19], the validation of the 
model appears to be good. But it is noted there that the model is calibrated at a single 
data point to account for the unknown experimental parameters. It is possible that this 
could account for the differences between the constant (as well as the power coefficients 
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for nominal pressure and pad Young's modulus) in (3.41) versus that of (3.42) (or in 
(3.43) versus in (3.44)). 
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CHAPTER 4 Pad Surface Roughness and Slurry Particle 
Size Distribution Effects on Material Removal Rate in 
Chemical Mechanical Planarization 
A paper submitted to the International Journal of Manufacturing Technology and 
Management 
Changxue Wang\ Peter Sherman^, Abhijit Chandra^ 
Abstract 
Traditionally, static or steady state models of material removal rate (MAR) in a chem­
ical mechanical Planarization (CMP) process have been developed, and the effects of 
consumables such as pad properties or slurry properties on MPP have been investigated. 
There also exist dynamic or transient models of the CMP process, however, the effect 
of slurry particle size and distribution is typically neglected in these dynamic models. 
The work in this chapter combines these different approaches by attempting to develop 
a dynamic model of the CMP process capable of representing MAP decay, which can 
also account for the effects due to slurry particle size and distribution. 
iph.D Student, primary researcher and author, Department of Statistics and Department of 
Aerospace Engineering and Engineering Mechanics, Iowa State University 
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4.1 Introduction 
Chemical Mechanical Polishing (CMP) has emerged as an enabling technology for the 
next generation of integrated chip manufacturing, and has become the second fastest 
growing area of semiconductor equipment manufacturing. Currently, CMP is widely 
used for interlevel dielectrics and metal layer planarization [3]. The CMP process is 
achieved by sliding a wafer surface on a relatively soft polymeric porous pad flooded 
with chemically active slurry containing abrasive particles of sub-micron diameter. The 
mechanical properties of the polishing pad and its surface morphology control the quality 
and efficacy of the CMP process. The pad surface morphology controls the partition of 
the applied down pressure between the abrasive particles and direct wafer/pad contact. 
The pad role is to distribute the slurry, support the wafer polishing pressure and to 
support the shearing action of the slurry against the wafer surface [8] while removing 
polishing residue. In addition, the polishing pad behaves in elastic and/or viscoelastic 
manners under the applied pressure, which is thought to affect the WIWNU (within 
wafer non-uniformity) or planarity [2]. In practice, it is not clear what pad property 
should be measured to characterize the polishing results. 
Many models have been proposed to understand the complex behavior of the polishing 
pad. In these models, several saline features of the pad are considered, such as the statis­
tics of pad asperity of various amplitudes and frequencies [17], the local deformation of 
individual cells [16], the elastic asperity contact between the wafer and the pad [15], 
as well as multi-level contact evolution at particle scale and the macro asperity scale, 
leading to several domains of wafer/particle/pad contacts [19]. These entire models 
have shared the ambiguity in defining the proper pad mechanical property (e.g. Young's 
modulus and Poisson's ratio) as well as lumped up the influence of the pad surface mor­
phology with the local abrasive particle contact. Most often, the pad is modeled as an 
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elastic material. However, Fu & Chandra [20] have investigated the effects of viscoelastic 
pad properties on the decay of material removal rate (MAP) in a CMP process. Guo 
et al [21] have also investigated the effects of time-dependent viscoelastic pad properties 
on dishing and step height reduction in a CMP process. In our previous MAR decay 
model in chapter 2 (or in [37]), it was found that using the inelastic contact between 
wafer and pad as well as the pad asperity topography evolution and suitable initial pad 
asperity height distribution, the MAP decay is predicted adequately well compared to 
the experimental results of Stein et al [22]. 
The works referenced above considered MAR in relation to direct contact between the 
pad and the wafer. The influence of the slurry was not considered. However, because the 
pad is soft compared to both wafer and slurry particle, it is, in fact, the slurry particle-
wafer contact that relates most directly to MAR. Furthermore, the chemical reaction 
between the slurry and the wafer surface material creates a softer layer on the surface of 
the wafer and changes the mechanical properties such as the hardness, Young's modulus 
and Poisson's ratio of wafer surface material. The slurry abrasive particles entrapped in 
the wafer-pad contact region are indented into the wafer surface and plough materials off 
from the wafer surface as the particles slide across. Several investigators have explored 
the mechanisms of MAP due to the pad-slurry particle-wafer contact. Examples include 
Luo & Dornfeld [15, 23], and Zhao & Chang [24], Fu et al [16]. 
A key distinction between MAR models in Luo & Domfeld [15, 23] and that of both 
Zhao & Chang [24], Fu et al [16] is the different methods of estimating the number of 
slurry particles actively participating in the material removal process. In Luo &: Domfeld 
[15, 23] , as the pad asperity is brought into contact with the wafer, it is assumed that all 
of the slurry particles within the volume occupied by the asperity become entrapped be­
tween the wafer and the pad asperity. It is then assumed that only a very small fraction 
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of these particles are actively involved in the material removal. In both Zhao & Chang 
[24] and Pu et al [16], it is assumed that most of the particles are squeezed away as the 
pad asperity approaches the wafer surface. Only a monolayer of the slurry particles is 
entrapped at the contact interface. However, all of these particles are assumed to be 
active. It may be conjectured that the reality in a CMP process lies in between these 
two assumptions. 
In this chapter, we first compare the MAR predictions accompanying these two different 
assumptions. Elements of these two models are then combined with time varying MAR 
models first proposed by Borucki [18] and subsequently extended in Wang et al [37] to 
a third model. Thus the proposed model captures both the particle size effects (Luo &: 
Dornfeld [15, 23] , Zhao & Chang [24], Pu et al [16]) as well as the time varying nature 
of the MAR due to pad surface topography evolution. 
This chapter is organized as follows. In section 4.2, we follow the approach of Luo & 
Domfeld [15, 23]. Special attention is given to the effect of particle size distribution on 
the mean MAR. In section 4.3, we pursue the monolayer approach of Zhao & Chang 
[24], Fu et al [16]. The effect of particle size distribution on the mean MAR predicted by 
these two different two approaches are compared. Section 4.4 presents the development 
of our third model. Finally, discussion and conclusion are given in section 4.5. 
4.2 MRR Model with Identical Pad Asperity Heights: (a) As­
sumption of Luo &: Dornfeld [15, 23] for Active Particles 
In this model the pad surface roughness are modeled with asperities uniformly spaced 
over the pad surface but asperity heights are the same, all asperities have spherical tips 
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with identical curvature and they deform elastically under the applied down pressure in 
the direct wafer-pad asperity circular contact area (see Figure 4.1 below). The slurry 
abrasive particle size is assumed to be normally distributed. Only a fraction of the total 
slurry abrasive particles entrapped in the wafer-pad contact area are considered to be 
active particles. This model is motivated by the pioneering work of Luo & Domfeld 
[15, 23]. Here we will take different steps to solve for the gap value which is used to 
specify the active particles, as well as the mean size of active particles as opposed to 
that in Luo & Domfeld [15, 23], and the modified result of the effect of particle size 
distribution on the mean MAR is obtained. 
Since all asperities have same height %o and have spherical tips with identical curvature 
K,, then all asperities within the nominal contact area under the wafer are in contact 
with the wafer, the load carried by each asperity and the local circular direct contact 
area between wafer and pad asperity are the same for all asperities. Under the (nominal) 
applied down pressure p, the separation distance d or the indentation deformation of pad 
asperities A = Zo — d can be determined. 
From Hertzian elastic contact theory ([28]), the load carried by each single asperity is 
given by 
A p*  
4  =  — ( 4 - 1 )  
3 K$ 
And the local contact area between a single asperity and wafer surface is given by 
Aj = 7T [Zo — 4/(4.2) 
And the local contact pressure is (assuming the load is uniformly distributed over the 
local circular contact area) 
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particles 
O OU 
O G 
Diameter of Pad-wafer 
direct circular contact 
area 
Figure 4.1 Schematic of the pad-wafer contact (with identical pad asperity 
height) 
Peon, = ^ = - 4'/' (4.3) 
O 7T 
Since the asperities are assumed to be uniformly spaced over the pad surface, so under 
the nominal contact area Ao, there are a total number of JV asperities, this gives the 
asperity density = AT/ylg. The total load under the nominal applied down pressure p is 
^ d. F* 
L = £> = JV—^(Zo-d)3/2 (4.4) 
i=i 3/cs 
And the total actual contact area between wafer and pad is 
N 
A = ^ A = ? [Zo — (4.5) 
The nominal applied down pressure 
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This gives Zo — d = 3pk]
/2 
AE'rj 
2/3 
and we can obtain 
And 
p — I ( 
" ,r%y: I 3 
\ 2/3 , 
)  E * ^ ( p ) ^ ^  =  — ( 4 . 8 )  
Where 6% = (4^7) ^ ^ related to the pad surface roughness parameters % (pad 
asperity density) and «, (pad asperity spherical tip curvature) and & = %r = (]^)^ 
is the ratio of actual contact area A to the nominal contact area j4o. E" is the equiv­
alent Young's modulus E* = f 4- which is approximately since 
the Young's modulus of wafer is much larger than that of the pad, and the Poisson's 
ratio of the pad is close to 0.5. 
. 2 / 3  
All the above are non-random quantities with the assumption that all asperities have 
the same height, the asperity spherical tips have identical curvature, and the asperities 
are uniformly spaced over the pad surface. 
Since the material removal is considered to be caused exclusively by the particles in­
denting into wafer and pad surfaces (or namely, active particles) which are entrapped 
within the local direct contact area between pad and wafer surfaces, the direct contact 
between wafer and pad asperities does not contribute to the material removal, thus the 
total number of active particles contributed to the material removal and the material 
removed by a single active particle are two critical factors to the MAR. 
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If we take the assumption as given in Luo & Dornfeld [15, 23], the total number of 
particles entrapped in the wafer-pad asperity contact area,n (including active particles 
and macfM/e particles), is the number of particles in the slurry in a volume taken by the 
deformed pad asperities. Since the Poisson's ratio of the pad (polymeric materials) is 
close to 0.5, the volume of pad asperities does not change, and thus the total number 
of particles entrapped in the pad-wafer contact area does not depend on the applied 
down pressure (which influences the actual contact area A and contact pressure 
but depends on the pad roughness (asperity volume). If we assume the slurry particle 
volume concentration (particle volume over total slurry volume) is % (which is in one-to-
one corresponding to the slurry particle weight concentration particle weight over total 
slurry weight), then the total volume of particles entrapped in the wafer-pad contact 
area is % * - Using % to represent slurry abrasive particle size (diameter), 
then the average (mean) particle size is , and the average volume of a single particle 
is W (Xm,g)3 as given in Luo & Domfeld [15, 23]. Here we should notice the difference 
between the third (raw) moment of a random variable and the cubic of the first moment 
(mean) of the random variable, that is (%oug)^ ^ (^)ovg, if we consider the particle size 
% varying randomly. At this moment we will just ignore it and it will be considered later. 
Having the total volume of the particles entrapped in the wafer-pad contact area and the 
average volume of a single particle, then the average (mean) total number of particles 
entrapped in the wafer-pad area, n, is given by 
n= HV = (4'9) 
Here yO-Lwgwitie, corresponds to o f (-%[/M is expressed as % here) and % 
corresponds to 7n,_o/po of Luo & Dornfeld [15]. is considered to be a 
constant. 
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As assumed in Luo &; Domfeld's model ([15, 23]), not all the particles contribute to the 
material removal. Those particles entrapped in the wafer-pad contact area are assumed 
to cluster together in each single pad asperity-wafer contact area as shown in Figure 2 of 
[23] and Figure 4 of [15], thus some smaller size particles entrapped in wafer-pad contact 
area are not in tight contact with wafer or pad, they do not indent into wafer and pad 
surfaces, only those particles with size bigger than some gap g value are in tight contact 
with wafer and pad, or these larger size particles indent into wafer and pad surface, and 
the indented part of wafer and pad are considered to be in full (perfect) plastic defor­
mation, and the material removal are caused by these larger size particles entrapped in 
wafer-pad contact area. These larger size particles are called active particles. 
Portion of Inactive 
Abrasives 
Portion of Active 
Abrasives 
-» 
Figure 4.2 Abrasive size distribution (Also Figure 1 of Luo & Dornfeld [23]) 
For a given particle size distribution PDF with a unimode and bell shape, the active 
particles are those with size larger than some gap g value (the gap g value depends on 
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the applied down pressure and particle size distribution, this will be discussed later), 
thus the size of these active particle is located in the upper tail part of the distribution 
PDF. Assuming the PDF and CDF of the particle size distribution are expressed as 
Px(z) and $x(z) respectively. Then the total number of active particles entrapped in 
the wafer-pad contact area is given by (see Figure 4.2) 
for a given gap g value. 
The gap g for specifying the active particles could be determined as the way in Luo & 
Domfeld [23] by the following equation (similar to equation (7) in Luo & Domfeld [23]) 
Where is the pad hardness and is the local contact pressure within the pad 
asperity-wafer contact area. Xm,g-ocw«;(<7) is the mean size of active particles for the 
given gap g value. Notice that we considered the pad is much softer than the wafer, 
thus the indentation of active particles into the wafer surface is much smaller than the 
indentation of active particles into the pad surface, and the indention of the active par­
ticles into wafer surface is ignored in determining the gap g in the above equation (4.11) 
aa in Luo &: Domfeld [23]. 
Now we need to consider what the mean size of the active particles should be. For a 
given particle size distribution PDF p%(z) or CDF $%(z) and the given gap g, only 
particles entrapped in the wafer-pad contact area with size bigger than g are active par­
ticles, thus the mean size of the active particles is the following conditional mean value 
= n(l  -  $x(g))  (4.10) 
— -Fcont/4 
avg—active (4.11) 
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Xavg—act ive{9)  E \X |  X > g] 
_ r^__mW_dz 
= r^hsil xMx)ix (4-12) 
Obviously this depends on the shape of the upper tail of the particle size distribution 
PDF. For a given PDF p%(z), the mean size of active particles -Xowg-achveW can be 
express as a function of the gap g (of course it is also dependent on the particle size 
distribution). 
If we assume that the particle size is normally distributed with mean (or p) and 
standard deviation a, then 
X (x  — fx)^  
Px(z) = ,— e , where —oo < z < oo (413) 
v27ra 
Substitute this normal PDF into (4.12), we obtain 
X. avg~active (s) = r^hûf, 
= 
1 r 
i - $x(g) A 
l _ ^ I——r- e 2^3 
V^TTcr 
' 1 Z — U + U _ , 
e 2^2 
1 — $*((?) 
1 
1 - ^ x(g) 
1 
1 — $x(p) 
1 1 — ^x(g) 
\/27r cr 
1 z — ^ 
_\/2?r( 
S 2<H 
L 
roo  ^
d(% - //) + ^ / -^=-
V* V27TI Vss2 a-(z ™M)S 
-e ^ da: 
(g-M)2 
2(%2 
/"°° 1 . ... 
+ u / ,— e 2»^ dz 
A V2? 
2 1 _ (f-%) 
V27T< 
e + /i 
J —oo V < 
\/2?T( 
_ , x 
e a»' dz) 
f^Px(g) + P (1 - @x(g))] (4.14) 
Hence 
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avg—act't (4.15) 
Here px(z) and $%(%) are normal PDF and normal CDF with mean //, standard devia­
tion <7 respectively. -Equation w ra&f /or tAe normof diatrzbution o/port%cZe 
gize. If the particle size is not normally distributed, then we have to use (4.12) to obtain 
the mean size of active particles, Xm,g_acKre(g),for a given gap g. M)te (4.12) w oppk-
m6Ze /or any gwen PDF. 
The leading edge of the indentation of each active particle into wafer surface (assuming 
the active particles slide across the wafer surface to remove material from wafer surface) 
is considered to be in perfect plastic deformation, thus the indentation depth ^ is given 
by and the load carried by each active particle is assumed to be the local 
contact pressure multiplied by the cross-section area of the particle [15, 19] (Since the 
pad is much softer than the wafer and the particle, thus the indentation depth of active 
particles into pad surface is much bigger than that into the wafer surface, and it is rea­
sonable to assume that the active particle is in full-contact mode [19]), that is to say, 
F = Here is the hardness of the wafer surface material and % is the 
diameter of active particle. The sliding of each active particle across the wafer surface 
will create a trench with a cross section area 
and the material in this trench is removed from the wafer surface. Thus the material 
removed in volume in a short time period At by a single active particle is this trench 
cross-section area multiplied by the sliding velocity it and the short time period At (as­
suming sliding velocity is constant). Substituting in (4.8) to the above expression, 
as in [15], the average material removed in volume in a short time period At by a single 
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active particle is 
/ I \ 3/2 
= „(,)(—) (P^E-u At (4.16) 
This equation is similar to equation (11) in Luo & Domfeld [15], but here we add the 
short time period At in the equation. 
With the average material removed by a single active particle, (4.16), and the total 
number of active particles,(4.10), the total material removed in volume in a short time 
period At is given by 
y = Ay* A/, 
/ 1 \ 3/2 
= (p)^E'uAtn(l - $%W) 
3/2 
- *„(,) (55^) - **V>) (4.17) 
Hence the average material removal rate in thickness under the nominal contact area v4o 
is 
y 
j4g At 
Equation (4.18) is similar to equation (22) in [15] or equation (10) in [23]. 
In Luo & Domfeld's model ([15, 23]), the gap g is approximated as the maximum size 
of particles subtracting the indentation depth of active particles into pad surface 
A. Since A is very small compared to the particle size, then the maximum size of 
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particles the gap g and the mean size of active particles, Xot,p-acwv«, are all ap­
proximated as /i + 3cr or very close to + However, from equation (4.11) and (4.15), 
we see that the gap g depends on the hardness of the pad, the applied down pressure, 
Young's modulus of pad and pad roughness (which influences the actual local contact 
pressure through equation (4.8)), and the particle size distribution. From (4.15), 
we know that the mean size of active particles %o„g-ocKve depends on the gap and the 
particle size distribution (mean and standard deviation cr for a normal distribution). 
Since the active particles are located in the upper tail part, the ratio in equation 
(4.15) is very sensitive to the gap g as the numerator and the denominator are both 
small numbers (see Figure 4.3 below). 
Ratio px(g)/(1-»x(g)) 
0.7 
— (i=40 nm, o=10 nm 
— (i=40 nm, o=15 nm 
— n=6Q nm, 0=10 nm 
— (1=60 nm, a=20 nm 
0.6 
0.5 
0.4 
.9 I 
0.2 
0.1 
100 
Gap o (nm) 
Figure 4.3 The ratio (X is normally distributed with mean // and 
standard deviation a) 
For a PDF defined in a finite range, the maximum value is easy to obtain, but for a 
PDF defined in a infinite range (up to positive infinite), it is hard to decide what the 
maximum size of particles should be, it can be 4- 3(7 or + 4(7 or // + 5(7 or some other 
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values. So the gap g, the mean size of active particles, Xorg-octiwe, should be determined 
through equation (4.11) and (4.15) given the applied down pressure, the hardness and 
Young's modulus, the roughness of pad surface (asperity density asperity spherical 
tip curvature ft, or the parameter 6%) and particle size distribution (mean jU and std a 
for normal distribution). For typical CMP process, the apphed down pressure is much 
smaller than the pad's hardness and Young's modulus, the 6% is in the order of 0(1), 
thus the 6 = %- = pf— is usually in the range from 0.1% to 1%. We show the gap g 
and mean size of active particles as the following Figure 4.4 and Figure 4.5. 
Gap 
200 
A0/A=1000 or P,/Pc=1000 
150 
a 
100 
100 120 
mean particle size (nm) 
160 180 40 
Figure 4.4 Gap g as function of particle size distribution (//, a) for given 
contact area ratio 
We could see that the gap g and the mean size of active particles, are far 
away from + 3a. The gap g is between slightly below // + <r to slightly above ^ + 2c 
depending on the apphed down pressure p, pad properties, and particle size distribution 
(or given contact area / pressure ratio 6 = = ^—). Also the mean size of active 
particles, is closer to // + a and far away from // + 3cr. 
78 
Mean Size of Active Particles 
220 
200 Ag/A.1000 or P /^Pg-1000 
? 180 
® 160 
140 
120 
» 100 
160 180 120 140 100 
mean particle size (nm) 
Figure 4.5 Mean size of active particles,Xoug-ocKve, as function of particle 
size distribution (/%, c) for given contact area ratio 
From (4.18) we could see that the average (or mean) MAR is linearly related to the slurry 
particle volume concentration % (hence linearly related to the slurry particle weight con­
centration), also the MAE is linearly related to the relative sliding velocity between pad 
and wafer. The average MAR dependence on the applied down pressure is a complicated 
nonlinear relationship, since besides the explicit square root term of the apphed down 
pressure in (4.18), the term — $%(#)) is also influenced by the applied 
down pressure by two parts: the mean size of active particles and the fraction of the 
total number of active particles. Hence the mean MAR is related to the apphed down 
pressure in an implicit nonlinear form, actually, the mean MAR increases nonlinearly 
with the increase of the applied down pressure, the increasing rate of mean MAR with 
the down pressure will decrease when the down pressure gets larger and larger, this is 
because with the increase of applied down pressure, the contact area between wafer and 
pad asperities increases, gap g decreases and the number of active particles increases, 
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also the indentation depth of active particles into wafer surface increases so the material 
removal by a single active particle increases, therefore the (total) mean MAR would 
increase. 
The effect of particle size distribution on the average MAR is totally reflected in the 
term W ^ _ $^(g)) in (4.18), thus we could get the normalized average (or 
mean) MAA as the following Figure 4.6 (without approximation of gap g and the mean 
size of active particles,—active) • 
Normalized MRR 
A0/A=1000 orPc/P0=1000 
0.01 
0.008 
0.006 
0.004 
0.002 
120 140 160 180 100 
mean particle size (nm) 
Figure 4.6 Normalized MBA using equation (4.18) (p = 1924 Pa, 
6 = 1/1000, and = 50 MPa). 
This Ggure 4.6 shows that the average (or mean) MBA decreases with the increase 
of the overall mean particle size, and the average (or mean) MAR increases with the 
increase of the standard deviation of particle size distribution, but when the standard 
deviation is much smaller than the mean value of particle size distribution, the influ­
ence of the standard deviation on the average (mean) MAA is very small. The trend 
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of MAR variation with the particle size distribution (mean /i, standard deviation cr) 
shown here in Figure 4.6 matches many experimental results such as Figure 4.7 (Also 
Figure 6 in [23]), Figure 4.8 (Also Figure 8 in [16]), as the MAR decreases monotonically 
with the increase of mean particle size although the standard deviation information of 
particle size distribution is not available for the experimental data shown in those figures. 
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427.03*-°**" 
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y - 282 78x 
y = 220 14x 
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 
Average Abrasive Size (nm) 
2.2 2.4 
Figure 4.7 Experimental material removal rate as function of abrasive size 
distribution (mean size) (also Figure 6 of Luo &: Domfeld [23]) 
It should be noted that the MAR dependence on the particle size distribution shown 
in Figure 4.6 is that the particle size is positively distributed (diameter of particles can 
not be negative value), so when the standard deviation cr is so big (or the mean // is too 
small) such that ^ is over then the left part of any of the curves is no longer valid 
since these trends are obtained by assuming that the particle size is normally distributed, 
otherwise, there would be quite a fraction of the particles dropping to the ranges with 
negative diameter. 
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A Experimental data 
(Izumitani 1979) 
Model prediction 
400 -
ç 
ë 300 -
E 
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Abrasvle particle size (^m) 
Figure 4.8 Variation of MAR with abrasive particle size in glass polishing. 
Comparison of model prediction for spherical particles with ex­
perimental data (T. Izumitani, 1979) (Also Figure 8 of Fu & 
Chandra [16]) 
The phenomenon shown here in Figure 4.6 can be explained as the following, as the 
mean size of particles increases, the total number of particles entrapped in wafer-pad 
contact area and thus the number of active particles decreases dramatically as there 
is a relationship that the total number of particles entrapped in the wafer-pad contact 
area is inversely related to the cubic of the mean particle size, although the mean size 
of active particles also increases and the material removed by a single active particle 
increases, but this increase is much slower than the decrease of the number of active 
particles. As the standard deviation increase, the number of active particles does not 
change too much (decrease very slightly See Figure 4.9 below), but the gap g and mean 
size of active particles, Xot,g-oc%ue, increase, so the mean MAR increases. When the 
standard deviation is much smaller than the mean particles size, the increase of mean 
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MA# due to the standard deviation increase is fairly small compared to the cubic of 
the mean particle size. 
Y i n-» Normalized Number of Active Particles 
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Ag/A=1000 or Pc/P0=1000 
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Figure 4.9 Normalized number of active particles 
4.3 MRR Model with Identical Pad Asperity Heights: (b) As­
sumption of Fu et al [16] and Zhao &; Chang [24] for Active 
Particles 
In the above MAR model and the model in [15, 23], the total number of particles en­
trapped in wafer-pad contact area is taken to be the number of particles in the slurry 
volume taken by pad asperities, and particles entrapped in the wafer-pad contact area 
are clustered together in each pad asperity-wafer contact area, thus only a fraction of 
the particles entrapped in wafer-pad contact area (with size larger than some gap (?) 
are considered to be active particles. In an actual situation, ZA&s ts may not 6e the 
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cose. Since we assume the particles are uniformly spaced in the slurry, and as they are 
entrapped in the wafer-pad contact area, we may assume that they are still uniformly 
spaced within each wafer-pad asperity direct circular contact area, rather than clustering 
together. Hence if these particles entrapped in the wafer-pad contact area are scattered 
away from each other with sufficient distance (especially for low slurry particle volume 
concentration and soft pad, and usually the local circular contact area has radius of a 
few micrometers which is much larger than the mean size of particles, which is around 
50 to 200 nanometer), all these particles are in a fully (extended) pad-particle-wafer 
3-body contact mode (Bastawrog [19]), thus we can consider that all of them are active 
particles. Meanwhile, as the wafer is pushed toward the pad asperity, as shown in the 
following Figure 4.10, the particles in the slurry are push away before the wafer comes to 
a fairly close distance (maximum particle size of particles) to the tip of asperity, then the 
particles within this single layer of slurry with this thickness (maximum particle size) 
and within the local circular direct contact area between wafer and pad asperity will 
not be pushed away anymore, and thus these particles are entrapped in the wafer-pad 
contact area and are all active particles. 
Pad Asperity Pad Asperity 
Pad Asperity 
O 
wafer wafer 
(a) Not in contact (b) Barely in contact (c) Fully local contact 
Figure 4.10 Schematic of wafer being pushed toward pad asperity 
-4s m tAe modeZ o/ the previous section, we stiff consider t/iat aM asperities Aa%e some 
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/leigAt, ond WenticaZ apAerzcoZ tip curmture. Now the total number of particles (also the 
number of active particles) entrapped in the wafer-pad contact area is given by 
Notice here (_X^)a„g is the third (raw) moment of particle size X, it is diSerent from the 
cubic of the mean particle size (Xo„g)^ if the standard deviation of particle size distri­
bution is not zero. We mentioned about this in the beginning of the previous section. 
The form written in (4.19) is because the volume for a single particle is then the 
mean volume for a single particle is = ^7r = ^(X^)^. 
The material removed in volume in a short time period At by a single (active) particle is 
given by (cross-section area of the trench caused by the sliding of the particle multiplied 
by the sliding velocity and the time period) 
/ i \ 3/2 
av' = 
x?{2ïjtJ ® , ,2£'™At <4-20> 
Where X? is the square of the diameter of the particle, it is a random variable as 
the particle size varies randomly. Then the total material removed in volume in short 
time period At by all active particles (all particles entrapped in wafer-pad contact area) is 
JV. / 1 \ 3/2 
V  
"  E A l ;  -  (  W WP»"Ex?  (4.21)  
And the material removal rate in thickness under the nominal contact area Ao is 
y / i \ 3/2 
Mm
=Â^Ât = (xjrJ (p)1/!E-"E^/ A- (4.22) 
This MAA is also a random variable depending on the particle size distribution. The 
expected value (mean) of MAA is then 
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MAR = #[MAA] 
3/2 JV, 1 \ / _ _ 
-W-)  (p)l/J£* u £ E[X?] / 4. 
1  \3 /2  
— ) (4.23) 
I / 
3/2 
^2 b\Hi  
Substitute TV* in (4.19) and the expression for 6% into the above equation, we get 
MÂÂ = 6%u (—L-)^ ^-1^7 X^(%2).„ (4 24) 
V 3 / (%")arg 
Equation (4.24) shows the mean MAA is linearly related to the slurry particle volume 
concentration % and the relative sliding velocity % between wafer and pad. Also (Ae 
dependence o/ #ie mean MAA on f/ie apphed down pressure p is nonfinear, f/iat is, (Ae 
mean MRR is to the | power of the applied down pressure in an explicit form which is 
di^erent /rom t/ia( sAown in (4.18), this is comparable to other model predictions. The 
influence of the particle size distribution is in the last fraction term of equation (4.24). 
Here the particles size distribution is not restricted to norma? distribution, and only the 
first three moments are required if we take the maximum particle size to be + 3a 
since within this thickness of the single layer slurry, 99.87% (normal PDF quantile at 
+3 std level) of the particles entrapped within the pad asperity-wafer contact area will 
be included (One can also take the maximum particle size to be + 4a or // + 5a but for 
normally distributed particle size, the approximation of maximum particle size of ^ + 3a 
is sufficiently good). And the last fraction term in (4.24) could be expressed as 
(/i + 3a)(^ + q:) 
(X3).„, X^ + 3a2) + 'yo3 ^ ^ 
Where //, a, -y are the mean, standard deviation and skewness of particle size distribution 
respectively. If the particle size distribution is symmetric or very close to symmetric, 
that is to say, the skewness ^ (defined as the ratio of third central moment over the 
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cubic of standard deviation) is zero or very small and close to zero, then (4.25) can be 
simplified as 
-Xmaz(-X^)qwg _ (/I + &r)(^ + CT^) 
X/,2 + 3(72) ^ ^  
Taking the other terms in (4.24) to be constant, then the normalized mean MAR given 
by (4.26) is as the following Figure 4.11. This shows the mean MAR decreases with 
the increase of mean particle size, but increases with the increase of standard deviation 
of particle size distribution. This is similar to the model trend in the previous section, 
but the difference is, in this model, the influence of the standard deviation on the mean 
MAR seems to be quite stable no matter how small the standard deviation is compared 
to the mean value, while in the model of the previous section, when the standard de­
viation is much smaller than the mean value, the influence of the standard deviation 
on the average (mean) MBA is very small. If we revisit Figure 4.4 and Figure 4.5, we 
could see that the influence of the standard deviation on the gap g and the mean size of 
active particles, is quite stable, thus we believe the influence of the standard 
deviation on the mean M.R.R for the model in the previous section is not satisfactorily 
demonstrated as in Figure 4.6, and particle size distribution effect on the mean MAR 
variation trend in Figure 4.11 might be more appropriate. 
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Figure 4.11 Normalized M.R.R (or equation (4.26)) as function of particle 
size distribution (//, cr) 
4.4 MRR Model with Varying Height Pad Asperities and All 
Particles in a Monolayer Within the Wafer-Pad Contact 
Area Being Active 
4.4.1 The MRR Model 
In actual CMP process, the pad asperities modeling the pad surface roughness could not 
have the same height, rather the asperity heights would vary randomly. We still con­
sider pad asperities are periodically (or uniformly) spaced across the pad surface (not 
randomly distributed), but now asperity heights are randomly distributed. All asperities 
are assumed to have spherical tip with identity curvature. Contrary to the MBA decay 
model [18, 37] which only considers the MBA caused by the direct contact between wafer 
and pad and ignores the particle influence, the MRR model in this section dealing with 
the MAjR decay as well as the particle size distribution effect is significantly different, 
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where here the MBA is considered to be generated only by the active particles indented 
into the wafer surface within the pad-wafer contact area but not by the direct contact 
between wafer and pad. Also, if we do not consider the dynamic time evolution of the 
pad asperity height distribution PDF (pad surface topography evolution), then at any 
given time with a given (known) PDF of the asperity height distribution, the MRR can 
be viewed as a static problem instead of a dynamic MRR decay. 
Since the slurry particle size (around 10 ^ 100 nm) is much smaller than the scale of 
asperity height (around 50 /im) and space between adjacent asperities (around 50 ^ 
100/zm), then the separation distance d(f) between the wafer surface and the mean 
plane of pad asperities could be obtained without considering the slurry particle effects 
(suppose slurry particle concentration is low and pad is much softer than wafer/slurry 
particle) by the following equations ([18, 37]) 
where p is the nominal applied down pressure (and usually held constant during CMP), 
v4/(f) (or 6 in the previous sections) is the fraction of the expected value of actual contact 
area Axmt(f) (between wafer and pad) over the nominal contact area Ao under the wafer, 
that is _A/(f) = Acont(t) / A)- <A(z, t) is the pad asperity height distribution PDF at any 
given time t. E* are the pad asperity density (I.E, mean number of asperities per 
unit area), spherical pad asperity curvature, and the equivalent Young's modulus of the 
pad, respectively. 
roc 
/ [z - d(f)]^(z, <) 
Vd(t) (4.27) 
(4.28) 
When the separation distance of the wafer surface to the mean plane of the asperity 
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height, d(t), is smaller than the asperity height, then the asperity is in contact with the 
wafer, otherwise the asperity is not in contact with the wafer (see Figure 4.12). For an 
asperity with height Zj (> d(t)) which is in contact with the wafer, the contact area 
is a circle with radius Rj (or area Aj) and the load Z,j carried by this circular contact 
area could be obtained from Hertzian's Theory for elastic contact (see Johnson [28], if 
the contact is inelastic, then the load Z,j and area Aj could be obtained as stated in our 
previous MAR decay model in chapter 2 (or Larsson [35])) as the following 
4E" 
Lj  — < 3/t 1/2 
[z, - Ht)}" 2  
o 
7r[Zj  — d( t )]  
Aj = Ks 
o 
when Zj > d(t) 
when Zj < d(() 
when Zj > d(t) 
when Zj < d(() 
(4.29) 
(4.30) 
eind 
Rj  = Zj  — d( t )  
7T y K, 
Usually Rj is in the order of a few //m. 
when Zj > d(t) (4.31) 
Note that the Zj — d(f) is approximately the indentation deformation of the pad asperity 
when Zj > d(t) since the pad is much softer than the wafer so pad asperity has much 
larger deformation than the wafer surface. 
The local contact pressure f^*(j) over the circular contact area Aj is assumed to be 
uniform and is expressed as 
COTlt  3?r 
[Zj - d(t)]^ when Z) > d(() 
when Zj < d(t) 
(4.32) 
90 
Wafer 
Slurry 
particle 
Pad 
y 
Locdl Contact Pressure 
Local circmar 
contact area Slurry 
particles 
Figure 4.12 Schematic of pad-particle-wafer contact with varying height 
pad asperities 
Within the local circular contact area Aj between the pad asperity and the wafer, (when 
Zj > d(f)), there are some slurry particles entrapped inside. Consider low slurry parti­
cle density (or concentration), these particles are not too many or not very dense dense 
so they are spaced within the local circular contact area and are separate from each 
other. For soft pad, hard wafer and hard slurry particles, all these particles are in full or 
extended wafer-particle-pad three-body contact mode (there are partial and non-direct 
three-body contact modes, see Bastawros [19]), see Figure 4.12. They are all active 
particles. Here notice that the height of asperities is randomly distributed, so are the 
local contact area Aj, the local contact load and the local contact pressure J^ont(j), 
this is different from the models in the previous section where these three quantities are 
non-random with the asperity heights to be same. In [24], the MRR model also takes 
the asperity heights varying randomly. 
The (active) number Mp(j) of particles entrapped within the local circular contact area 
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A, between wafer and pad asperity depends on the local contact area itself as well as 
the slurry particle volume (or weight) concentration %. In [24], the number of active 
slurry particles entrapped within the local circular contact area between wafer and pad 
asperities is by assuming the slurry particles uniformly spaced in the slurry, and slurry 
particles have same diameter (size). From the volume concentration % of the particles in 
the slurry (particles' volume over total slurry volume), the line density and area density 
of particles (particle numbers per unit length and particle numbers per unit area re­
spectively) are obtained and then the total number of active particles within a nominal 
contact area with a fraction or real contact area is calculated. This implicitly assumes 
that #ie parftcks o Zoyer 0/ sZwrn/ t/iictness are enfrapped 
m ZAe Zoc&Z confocf area Wween wo/er and pod aaperz#eg. We again consider the wafer-
particle-pad contact model shown in Figure 4.10. When the pad asperity is pushing 
toward the wafer surface, before the pad comes into the pad-particle-wafer three-body 
contact mode as in (a) of Figure 4.10 with the maximum size particle, there are lots 
of free multiple layers of particles in the slurry between wafer and pad asperity, and 
when pad asperity is approaching to the wafer surface as to (b) of Figure 4.10 and (c) 
of Figure 4.10, the particles in the free region above the dashed line are pushed away 
with the slurry and are not going to be entrapped within the local circular contact area 
between wafer and pad asperity. 
If we assume that all slurry particles are spherical with the same size (diameter), then 
only the particles within the single layer slurry with thickness of particle size (diameter) 
X (volume of this part of slurry is volume X Aj) are entrapped in the local contact area. 
With the given known slurry particle volume concentration % (total particle volume in 
slurry over volume of slurry), and the volume of each particle then the number 
of particles entrapped within the local contact area A, is 
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= #§ = ## <4 '33> 
But unfortunately, the slurry particles do not have the same size (diameter), they vary 
with some random distribution, so the volume of the single layer slurry (in which the 
slurry particles are entrapped within the local direct circular contact area between wafer 
and pad asperity) is also varying randomly and also the volume of each particle varies 
randomly as the size (diameter) varies randomly, so the number of particles entrapped 
within the local contact area is random. We assume that when pad comes to a distance 
of maximum particle size to the tip of asperity, then pad-particle-wafer contact begins 
and the particles in the single layer slurry with thickness of maximum particle size and 
within the local wafer-pad contact area will not be pushed away any more and these 
particle are all entrapped and are all active particles. The volume of this part of slurry 
is AjXmoz, and the number of particles would be 
-w = ^  
Where represents the maximum particle size (diameter) and g?r(X^)^g is the mean 
volume of a single particle. (A^)*^ is the third (raw) moment of the particle size distri­
bution. Therefore the number n?(j) of particles (active particles) entrapped within the 
local contact area is 
f  0  * lZ>  -  m when Z, > d ( t )  
np(j) = /Mj = < (4.35) 
I 0 when Z, < d(f) 
Here - We note here that the number np(j) is still random since it depends 
on the height Zj, which is random itself. 
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For the single slurry particle in full (or extended three-body) contact mode within 
the local contact area Aj, the local contact pressure f^nt(j) is expressed in (4.32), so 
the load carried by the particle and transmitted to the wafer surface is (see Bastawros 
[19], Luo & Domfeld [15]) 
F(t,j) = ^(W)fW;) (4.36) 
wafer 
Slurry 
Particle 
Figure 4.13 Schematic of single particle indenting into wafer surface 
The particle indents into the wafer surface by which depends on the local contact 
pressure (or load carried by the slurry particle) and the wafer surface material prop­
erty, eg., the hardness, see Figure 4.13. In most cases, since wafer material and slurry 
particle are much harder than the pad, so the indentation of particles (within the lo­
cal circular contact area between pad and wafer) into the pad is much larger than 
that into the wafer surface. Since slurry particles are comparable in hardness to the 
wafer surface material, the indentation of particles into wafer surface is very small and 
the deformation of wafer surface due to particle indentation could be considered com­
pletely plastic. If the load carried by the slurry particle is F, then we can obtain ([15]) 
<L(w) = = Ag^X(t, j), and the indentation circular radius a = 
Obviously the indentation depth of particle into wafer surface is linearly related to the 
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particle diameter, and the local contact pressure, but inversely related to the hardness of 
wafer surface material. Bigger particles, higher local contact pressure, and lower wafer 
hardness will lead to the particle indentation into the wafer surface deeper. Higher as­
perities in contact with wafer will lead to higher local contact pressure, and the particles 
in the local contact areas with higher asperity heights would have larger indentation 
depth into the wafer surface. 
When the particle slides across the wafer surface, it creates a trench with a cross sec-
Z X 3/2 
tion area A5" which is approximately A5 = ^ - Hence for the 
particle within the local contact area Aj between wafer and pad asperity 
AS(iJ)
-xh) &âT=x7{hl) (%rf (437) 
Here is the hardness of the wafer surface material. 
Neglecting the pileup before the abrasive particle due to the plowing action [24, 38], the 
material removed in volume from the wafer surface by this single particle within the 
local contact area Aj in a short time period AZ is 
MR(i, ;) = A2(i, ;) % Af (4.38) 
where u is the sliding velocity between the wafer and pad (slurry particle). 
Using (4.37) and (4.38) we can get 
/ i \ 3/2 
M R { i J ) = \ 2 H ^ )  (4-39) 
Then the material removed by all the rtp(j') active particles within the local contact area 
Aj is 
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TlpO) 
6TM#(j) = Y2 = 
t=i 2^« 
3/2 "pU) 
AiP5L2 ,U)£^2(iJ) 
1=1 
(4.40) 
Note here that R%mt(j) and n?(j) both depend on the asperity height Zj, which is ran­
domly distributed itself and X(i, j) is also randomly distributed, so the left hand side 
of the above equation (4.40) is also a random number. 
Under the nominal contact area Ao, there are a total number JV asperities, TV = ?7,Ao. 
Only the particles entrapped within the local contact area between pad asperity and 
wafer contribute to the total material removal, those particles in areas where pad is not 
in contact with wafer will not contribute to the total material removal. So the total ma­
terial removed by all active particles in short time period At in volume is as the following 
N 
TMB = ITMA(j) 
j=i 
1 
2#« 
3/2 
U 
N 
A ( E  j=l 
f^(j)g%2(2j) 
i=l 
(4.41) 
From the above discussion, we know that this amount of material removed in the short 
time period At depends on the asperity height distribution as well as the slurry particle 
size distribution. The expected value of the total material removed in volume in the 
short time period At is 
TMB = E[TMR] = 1 
2#„ 
3/2 
u AtE 
N npO') 
j=i »=i 
(4.42) 
This amount of material removal in volume is generated under the nominal contact area 
A@, then the expected MAR in thickness over the nominal contact area Ac is 
MAR = TMA 1 
3/2 
u —— E 
A) 
N 
j = 1 4=1 
(4.43) 
Aq At 2Ru, 
Note that the distribution of slurry particles size is independent of the distribution of 
pad asperity height, f^nt(j) is only dependent on pad asperity height distribution but 
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Mp(j) actually depends on both the asperity height (through the local contact area) and 
slurry particle size distribution as given in equation (4.34). Substitute »p(j) in (4.35), 
then (4.43) could be rewritten as (assume particles sizes are wd, so are asperity heights) 
1 \3/2 i  
mrr=[Ûrj * "pU) j=I E[%^] (4.44) 
Substitute the expression of f^nt(j) in (4.32) and the expression of 7ip(j) in (4.35) into 
(4.44), we get the following equation 
1 \ 3/2 i 
M R R
= l - 2 K )  "
(x2)
-âb j = i x / (4.45) Ks 
Where (%^)^g is the mean value of the particle size (diameter) squared (or the second 
raw moment). Given the pad asperity height distribution at any given time (, we have 
/ i \ s/2 M /4R"*\ ^ 
m r r
= { 2 K )  u[X U T a  { l ï )  W 'UZ ' - i ( t ) ]  U ,{z 't ) i z  (4 '46)  
or 
/ 1 \ 3/2 3/2 fOO 
M R R  =  f a )  u  (X2)„, 1 .  f a )  ^ J  [Zj - d(t)]7/V(z, t )  d2 (4.47) 
Substitute the expression of into (4.47) and simplify the above equation, we get 
M R R  = 6 X U V .  4 i i  ( j S r ) " 2  Xmz{f)""s (4.48) 
As discussed in our previous MRR decay model in chapter 2 (or in [37]) and in [18], 
the pad surface topography changes during CMP process, especially for long time period 
polishing. Higher asperities in contact with the wafer are worn down and more and more 
lower height asperities come into contact with the wafer which leads to the pad asperity 
height PDF changes with time. In the meanwhile, the actual contact area between wafer 
and pad surface (asperities) increases which also leads to the increase of the number of 
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active particles entrapped in the wafer-pad asperity contact area, this would cause the 
increase of the MAR. But the increase of contact area leads to the decrease of average 
(mean) contact pressure, thus the indentation depth of active particles into the wafer 
surface would decrease (in the mean value, not for a specific single particle), and the 
material removal by active particles would decrease, this negative effect is much more 
than the positive effect of particle number increase on the mean MAR, hence the mean 
MAR will decrease as the pad surface topography changes (pad surface smoothening). 
Since the pad is much softer than wafer and abrasive particles, the active particles en­
trapped in the local wafer-pad asperities direct contact area are deeply indented into the 
pad and will stay but not slide on the pad surface. Then the wearing of the pad asperity 
is mainly due to the direct contact between wafer and pad asperities. From Archard's 
law ([26]), the wearing rate of an asperity is directly proportional to the average contact 
pressure. This pressure is defined to be the load divided by the contact area. Assuming 
that this pressure is uniform throughout the circular contact area yields the following 
wear rate model for a single asperity: 
= -C. - d)i/=, Z(0) = Zo (4.49) 
The proportionality constant, Co, in (4.49) is a function of the relative sliding velocity 
between the asperity and the wafer, as well as pad and wafer material properties such as 
the hardness, Young's modulus and Poisson's ratio. As show in the MAA decay model 
in [18, 37], the pad asperity height PDF will evolve in the following equation 
^(z,t) = ^^^—^{[z-d(t)]^(z,()} for z > d(t) (4 50) 
and the PDF changing rate is zero for z < d(Z). Given any initial PDF <^»(z, 0), the PDF 
<^(z,t) can be determined at any time when the other three parameters in (4.50) are 
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known. 
Equations (4.27), (4.48) form the static MAR model at any given time with the given 
PDF d»(z,f), while equations (4.27), (4.48), (4.50) form the dynamic MAR model with 
initial PDF <^(z, 0). 
4.4.2 Evaluation and Discussion of the MRR Model Compared to the 
Two Models in the Previous Sections 
The mean MAR decay was observed by experimental investigations as Figure 4.14 (from 
[22]), Figure 4.15 (from [15] and [39]). 
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Figure 4.14 Experimental results of MAA decay without pad conditioning 
from Stein [22] 
Our MAA model (4.48) can explain the experimentally observed MAA decay phe­
nomenon when we consider the problem to be dynamic, that is to say, with long time 
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Figure 4.15 The typical polishing rate curves for pad without conditioning 
and with non-optimized conditioning,published in [39]. (Figure 
13 of Luo & Dornfeld [15]) 
period polishing, the pad surface topography changes, while the Erst two models do not 
involve the pad surface topography change as the pad asperity heights are the same in 
those two models. At a given nominal applied down pressure (and is held to be constant) 
during CMP process, as the higher asperities are worn down, the right tail of the pad 
asperity height PDF is pushed to the left and lumps up to form a sharp and narrow 
peak as was shown in previous MAR decay model [18, 37], the evolution of pad surface 
topography will cause the integration part in equation (4.48) to decrease with time, since 
the power inside the integral in (4.48) is ^ which is greater than the power inside the 
integral in (4.27). Here the material removal from the wafer surface is considered to be 
generated exclusively by the indentation of slurry abrasive particles into wafer surface, 
while in previous MAR decay models [18, 37], the MAA are generated exclusively by 
the direct contact between wafer and pad as the slurry particle is not considered in those 
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models. Here the MAR decay is caused by the pad surface topography evolution or the 
pad asperity height PDF evolution with polishing time (the integral part in (4.48)), 
namely the MAR decay only depends on the smoothening of the pad surface, it has 
nothing to do with the pad hardness change since pad hardness change is not reflected 
in our model. While in [15], the MAA decay is explained by the pad hardness increase 
as well as the pad surface smoothening which leads to the actual contact area increase 
and decrease of contact load carried by each active particle, thus the material removal 
by each active particle decreases and the total MAA decreases. Also the MAA model 
in [24] does not consider the MAA decay due to pad surface topography evolution. The 
models in [15, 24] are basically static models for the MAA. 
We notice that in (4.48) the mean material removal rate in thickness is proportional 
to the sliding velocity u (or CMP rotating speed w), this corresponds to the famous 
Preston's equation 1.1 and many experimental results. Also the mean MAA is linearly 
related to the slurry particle volume concentration %. The dependency of the mean 
MAA on the applied down pressure p in (4.48) is reflected in the integral part implicitly 
in a nonlinear relationship, since the load balancing distance d(t) depends on the ap­
plied down pressure through equation (4.27). At any given time when the pad asperity 
height PDF 0(z, t) is known, the mean separation distance d(t) between wafer surface 
and the mean pleine of pad asperity heights depends on the applied down pressure p. 
When the applied down pressure p increases, from (4.27), the mean separation distance 
d(t) decreases (drops), this leads to the increase of the integral part of (4.48), thus the 
mean MAA increases with the increase of the applied down pressure p. The mean MAR 
increases monotonically with the increase of the applied down pressure p in a nonlinear 
relationship, and at higher applied down pressure, the increase rate of the mean MAA 
decreases. 
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One other thing that should be noticed is that in (4.24) and (4.48), the MAR depen­
dence on the pad asperity density % and asperity tip curvature Kg looks like different, 
but we should remember that the two models leading to (4.24) and (4.48) take different 
consideration of the pad asperity heights, namely one assumes identical pad asperity 
height, the other assumes randomly varying pad asperity heights. In the latter one, 
the asperity density and asperity tip curvature both influence the separation distance 
d(t) through equation (4.27), therefore in (4.48) the MAR dependence on % or K, is 
implicit while in (4.24), the MAR dependence on % or is explicit. If one check the 
dependence of MRR on through (4.24) and (4.48) by changing Kg but holding the 
other parameters constant, then it is clear that the two equations give similar trends: 
the MAA increases nonlinearly with the increase of 
The mean MAA dependency on the slurry abrasive particle size distribution (for example 
the mean and the standard deviation) in (4.48) is the same as shown in equation (4.25) 
or (4.26), and therefore the influence of particle size distribution (mean and standard 
deviation) on the mean MAA is the same as shown in Figure 4.11. Experimental data 
from Mahajan et al [40], Bielmann et al [41], Izumitani et al ([42]), Luo & Domfeld ([23]) 
shows the trend of MAA decreases monotonically with the increase of mean particle size. 
Other parameters such as the pad asperity density, pad asperity height distribution, the 
wafer/pad surface material properties E*, also influence the mean MAA. The harder 
the wafer material (lager #%,) is, the smaller the mean MAA. When slurry chemical ex­
ists, the chemical reaction will create a soft layer on the wafer surface which changes the 
mechanical properties of wafer surface material such as reducing the Young's modulus, 
hardness, yielding strength and thus the mean MAR will increase. Pad surface pene­
trated by the slurry would lead to lower Young's modulus as discussed in [18] and [25], 
and the mean MAR would decrease, namely, a softer pad generates lower MAA. This 
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is also shown in (4.48) when the equivalent Young's modulus E* decreases, the mean 
MAR decreases (Note in the meanwhile the separation distance d(t) should increase 
to compensate the decrease of E* because the applied nominal down pressure p is held 
constant, see equation (4.27), thus the integration part of (4.48) would increase, but the 
§ power of E* decrease much faster as decreases, so the combined effect leads to the 
decrease of mean MRR). 
For quantitative comparison of our MRR model result with other MRR model result 
and/or experimental data, it is necessary to have the information of pad, slurry parti­
cle and wafer mechanical properties (hardness, Young's modulus, Poisson's ratio), pad 
surface roughness parameters (asperity density, asperity spherical tip curvature), as well 
as CMP operating condition (sliding velocity or rotation speed), applied down pressure, 
slurry particle volume concentration. But at the present, it is not available to obtain 
the accurate values for all the above mentioned parameters for published experimental 
data, thus we only give the qualitative discussion of our final MRR model up to this 
time. MRR decay, MRR linear dependency on the slurry particle volume concentration 
as well as the sliding velocity, and MRR non-linear dependency on the applied down 
pressure, and the influence of particle size distribution on the mean MRR are all pre­
sented through equation (4.48). 
We should notice that in [24], the MRR decay is not discussed as the model is static 
model, also, the influence of particle size distribution on the mean MRR is not reflected 
since the model assumes all particles having the same size (standard deviation is then 
zero). 
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4.5 Conclusion 
Our MAR model presented in the previous section involving varying height pad asperi­
ties and slurry particle size distribution influences shows the ability to explicitly predict 
the experimentally observed MBA decay phenomenon through equation (4.48). Also, 
our model shows good correlation with the trend of the mean MAA variation with the 
slurry particle size distribution compared with experimental data, namely, the MAA 
decreases monotonically with the increase of mean particle size no matter what the 
standard deviation of the particle size distribution. 
Our extension of the MAR model from the assumption of identical height pad asperities 
to the more realistic situation of varying height pad asperities enables us to: (1) consider 
dynamic problem instead of static problem which is able to explain the experimentally 
observed MR A decay phenomenon, and (2) consider the MAA variation with respect 
to particle size distribution in addition to the mean value that might be of more interest 
to industrial practice. 
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CHAPTER 5 Model Result Comparisons and Some 
Important Issues Resolved 
Abstract 
In this chapter, we will show model result comparisons between our model and models 
in [15, 23] and in [24]. Also some issues related with MRR models in [15, 23] and in [24] 
will be discussed since these findings indicate the important improvement of our MRR 
models. In section 5.1 we will show the difference of the selected initial Pearson-PDF 
in our MR A decay model and the one used by Borudd in [18] as well as the MRR 
decay model result comparison, further discussion about the sensitivity of the MRR on 
the selected initial Pearson PDF is also given in this section. Then in section 5.2, some 
issues related to our MRR models in chapter 4 and other MRR models in [15, 23] and 
in [24] are discussed and model result comparisons are given. 
5.1 Selection of Initial Pearson PDF and Model Result Com­
parisons on the MRR Decay Model in Chapter 2 
5.1.1 Initial Pearson PDF Comparison 
In Figure 5 of Borucki [18], the three statistical quantities used to fit the initial asperity 
height distribution PDF are claimed to be standard deviation (std) cr = 14.6 /2m, skew-
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ness 'y = —0.98, kurtosis /3 = 4.1, which correspond to o = 251.1213, 6 = —8.8527, 
c = —0.0594 according to the equation for the Pearson PDF system (2.27). Then 
^ = —1.3143 < 0 and this leads to a Pearson-I PDF (shown in Figure 5.1 below) 
rather than a Pearson-IV PDF claimed in Figure 5 of Borucki [18]. 
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Figure 5.1 Initial Pearson PDF comparison: P-IV with 
<7 = 15.6330/mi,'? = —1.4918,/) = 7.7980 (or 
o = 180.0545,6 = -7.56761, c = 0.0877498); 
P-I with (T = 14.6 = —0.98,^ = 4.1 (or 
o = 251.1213,6 = -8.8527, c = -0.0594); P-I 
with (7 = 14.89= —1.098,/) = 4.652 (or 
a = 235.8419,6 = -8.8530835, c = -0.02124348335); 
One reviewer of our paper on the MAR decay model [37] (in chapter 2) claimed that 
the actual statistical quantities used to Et the initial asperity height distribution PDF 
shown in Figure 5 of Borucki [18] are misprinted (not to be std cr = 14.6 //m, skewness 
^ = —0.98, kurtosis /) = 4.1), the correct values are std or = 14.89/mt, skewness 
"y = —1.096, kurtosis /3 = 4.652, this would lead to a = 235.841912, 6 = —8.8530835, 
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c = —0.02124348335 by equation (2.27), thus ^ = —3.911 < 0. Again this also leads 
to a Pearson-I PDF (also shown in Figure 5.1), but not a Pearson-IV PDF. The reviewer 
claimed that the corrected std & = 14.89//m, skewness'y = —1.098, kurtosis = 4.652 
would lead to o = 180.0545, 6 = —7.56761011, c = 0.0877498142, this seems to be a 
contradiction according to the equation (2.27). It is unclear how the reviewer and/or 
Borucki get the a, 6, c values from the given (experimentally estimated) cr, % 0 values, 
which are inappropriate or may be misreported by themselves. 
Initial Pearson-IV PDF of Pad Asperity Height Distribution with Zero Mean 
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Figure 5.2 The initial Pearson-IV PDF in Figure 5 of Borucki [18] with 
o = 180.0545, 6 = -7.56761011, c = 0.0877498142, or 
cr = 15.6330/mi, "y = —1.4918, = 7.7980 
If the values for the parameters a, 6, c are o = 180.0545, 6 = —7.56761011, c = 
0.0877498142 as claimed by the reviewer of our paper [37], then cr == 15.6330 /im, 
fy = —1.4918, = 7.7980 according to equation (2.27). This leads to ^ = 0.9062 
which is between 0 and 1, and corresponds to a Pearson-IV PDF (shown in Figure 5.1). 
O From Borucki Fig.5 
P-IV with 
a=180.0545, 
b=-7.56761, 
c=0.0877498 
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It is actually the Pearson-IV PDF shown in Figure 5 of Borucki [18] and verified here 
as in Figure 5.2. 
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Figure 5.3 The initial Pearson-IV PDF comparison: Borucki's P-IV with 
a = 180.0545, 6 = -7.56761011, c = 0.0877498142, or 
(7 = 15.6330//m, ^ = —1.4918, = 7.7980; Our P-IV 
from actual Stein's data with o = 174.0456, 6 = —6.027222, 
c = 0.095703125, or a = 15.625 jum, "y = —1.25, = 6.875 
The actual values for the three statistical quantities used to St the initial Pearson PDF 
from Stein [22] 's experiment are std cr = 15.625//m, skewness "y = —1.25, kurtosis = 
6,875. They correspond to o = 174.0456, 6 = —6.027222, c = 0.095703125 according 
to the equation (2.27). This would lead to a Pearson-IV PDF (since ^ = 0.5452 which 
is between 0 and 1). The fitted Pearson-IV PDF for the initial asperity height distri­
bution from actual Stein experimental data is shown in Figure 5.3 (compared with the 
Pearson-TV PDF used by Borucki [18]). The confidence interval for cr is [14.062, 17.187], 
for is [5.3125, 8.4375]. No confidence interval for -y is available from Stein [22]'s exper-
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imental data. Obviously the kurtosis values of 4.1 in Figure 5 of Borucki [18] or 4.652 
given by one of the reviewer of our paper on MAR decay model [37] (or chapter 2) are 
not in the range of Stein [22]'s experimental data. 
It is very clear from Figure 5.1 that the Pearson-I PDF is different from the Pearson-IV 
PDF as the Pearson-I PDF is only defined on a finite range (the left tail is not shown 
in Figure 5.1) but the Pearson-IV PDF is defined on an infinite range (—00,00). From 
Figure 5.3, we can see that the two Pearson-IV PDFs are different especially in the 
upper tail part. The actual initial Pearson-IV PDF has a much fatter upper tail than 
that of the Pearson-IV PDF used by Borucki [18]. 
5.1.2 The PDF Evolution Comparison 
Using the same values for all other parameter as given in Borucki [18], but different ini­
tial Pearson-IV PDFs as shown in Figure 5.3, the PDF evolution as well as the evolution 
of the three statistical quantities (standard deviation cr, skewness % kurtosis /3) can be 
obtained. 
Figure 5.4 and Figure 5.5 show our simulation and Borucki's simulation of the initial 
Pearson-IV PDF (given in Figure 5 of Borucki [18]) evolution with polishing time re­
spectively. Although they are similar, the difference between the two figures should be 
noticed. In our simulation (Figure 5.4), at 5 minute, the (sharp and narrow) peak formed 
in the upper tail part of the PDF with polishing time is below 20 /im, while the peak 
is above 20 in Borucki's simulation (Figure 5.5), at 45 minutes, the peak formed in 
the upper tail part of the PDF in Figure 5.4 (our simulation) is above 14 /im (close to 
15 //m) while the peak in Figure 5.5 (Borucki's simulation) is below 14 /im. 
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Figure 5.5 PDF evolution of the initial Pearson-IV PDF in Fig.5 of 
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Figure 5.6 and 5.7 show our simulation and Borucki's simulation of the evolution of the 
three statistical quantities of the PDF with polishing time respectively. Both figures 
show that the standard deviation and the skewness decrease slightly with polishing time 
while the kurtosis increases slightly with polishing time. Although the increase or de­
crease is relative small, it should be noted that in Figure 5.6 (our simulation) the initial 
values of the standard deviation a = 15.6330, the skewness ^ = —1.4918, the kurtosis 
= 7.7980 are in consistent with the given initial Pearson-TV PDF, while in Figure 5.7 
(Borucki's simulation), the initial values of the standard deviation, the skewness, the 
kurtosis are cr = 14.6, ^ = —0.98, /) = 4.1 which are inconsistence with the given 
initial Pearson-IV PDF. 
With the actual initial Pearson-IV PDF from Stein's data, the PDF evolution as well 
as the evolution of the three statistical quantities are shown in the following Figures 5.8 
and Figure 5.9 respectively (the other parameters take values as given in Borucki [18]). 
Comparing Figure 5.8 with Figure 5.4, we can find that the evolution of the actual initial 
Pearson-IV PDF is slower than that of the initial Pearson-IV PDF used by Borucki[18]. 
This is because the actual initial Pearson-IV PDF has a much fatter upper tail than 
the latter one (see Figure 5.3), which means there are more higher asperities in contact 
with the wafer and thus the wearing of the higher asperities are slower during the CMP 
process. 
5.1.3 MRR Model Result Comparison 
Figure 5.10 shows the comparison of model results with the two different initial Pearson-
IV PDFs shown in Figure 5.3. The difference between the model results using the two 
different initial Pearson-IV PDFs are very large although the other parameters for both 
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Figure 5.10 MRR decay model (with elastic contact between wafer and pad) 
result comparison with two different initial Pearson-IV PDFs 
in Figure 5.3 
simulations of the MRR decay model (with elastic contact between wafer and pad as­
perities) are kept the same. This shows the significant influence of the initial PDF, 
especially the upper tail of the PDF (since the lower asperities are not in contact with 
the wafer and they do not contribute to the MAR) on the mean MAE. 
5.1.4 Sensitivity of MRR on the Initial Pearson PDF or the Estimate of 
the First Four Moments of the PDF 
Since the initial Pearson PDF of the pad asperity height distribution, especially the 
upper tail of the PDF, plays critical role in the MAR decay model, and the three sta­
tistical quantities used to fit the initial PDF are estimated from experimental data, the 
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measurement error (error of the estimate of c, % 0) would lead to the change of the 
initial PDF significantly, e.g, the Gtted initial PDF may change from a Pearson-IV PDF 
to a Pearson-VI PDF or a Pearson-I PDF, or even the PDF type does not change, the 
upper tail may change significantly, thus inappropriate statistics used to fit the initial 
Pearson type PDF could lead to the undesired MAR model result. 
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Figure 5.11 Comparison of initial Pearson-IV PDF with same "y, but 
slightly different values 
We know from the discussion in chapter 2 on the Pearson PDF system that the type 
of Pearson PDF is decided by the combination of (^,/3), the standard deviation does 
not influence the type of Pearson PDF but it does influence the PDF shape (the PDF 
peak height and tail fatness, see Figure 5.11). When tr is bigger, the PDF peak would 
be lower and the tails would be fatter since the distribution is scattered more widely 
(see Figure 5.11). The MAR decay model (with elastic contact between wafer and pad) 
result shows higher MAR or total thickness removed in 5 minutes cumulative polishing 
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Figure 5.12 Comparison of MRR decay model results for different initial 
Pearson-IV PDFs with same % but slightly different values 
time interval (see Figure 5.12) when the PDF has fatter upper tail. 
Also the estimate error of could cause the estimate error of ^ and as the skewness 
"y is defined as the ratio of the 3^ central moment over and the kurtosis is defined 
as the ration of the 4^ central moment over 
Stein [22]'s experimental data has confidence interval for cr and /), but confidence in­
terval for "y is unavailable. If we change the kurtosis value, then the Pearson PDF 
type may change. Figure 5.13 shows the comparison of some initial Pearson PDFs with 
slightly different values (also different Pearson PDF types), notice that the upper tails 
are significantly different. Figure 5.14 shows the comparison of the MAB decay model 
(with elastic contact between wafer and pad) results with these three different initial 
Pearson PDFs. The model results are quite different, with the initial P-IV PDF whose 
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Figure 5.14 Comparison of MRR decay model results for different initial 
Pearson PDFs with same "y but slightly different values 
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upper tail is much fatter, the model result (MAR or total thickness removed in 5 min­
utes cumulative polishing time interval) is also much higher. 
Figure 5.11 and Figure 5.13 show that the initial Pearson-IV PDF changes to another 
different Pearson-IV PDF or even changes to a Pearson-VI or Pearson-I PDF, especially 
the upper tail of the PDF changes, could lead to significant changes of the predicted 
MAR decay model result. Fatter upper tail would lead to lower PDF evolution rate and 
higher MAR or total thickness removed in fixed cumulative polishing time interval as 
shown in Figures 5.10, 5.12 and 5.14. This indicates accurate estimate of the statistical 
quantities <r,7,/3 for the fitting of the initial Pearson PDF for the pad asperity height 
distribution is crucial for the MAR decay model result. 
5.2 MRR Models in Chapter 4 Compared with MRR Models 
in [15, 23] and in [24] 
5.2.1 Model (4.18) Compared with Model in [15, 23] 
The first MAB model in chapter 4 involving the pad roughness and slurry abrasive 
particle effects is expressed as equation (4.18). This MAR model is similar to Luo & 
Domfeld's model ([15, 23]). But it should be noted that in the MAR model in [15, 23], 
the particle size distribution is taken as a JVomW Distribution. Since the normal dis­
tribution is defined in an infinite range (—oc, oc), it is hard to say what the maximum 
particle size is. In [15, 23], the maximum particle size is take as the mean plus three 
times of the standard deviation (// + 3<r) (one can also take the maximum particle size 
to be /i 4- 4<r, or ^ + 5cr, or what ever big values), and the gap g (for specifying the 
active particles) is approximated to be the maximum particle size subtracting the 
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indentation depth of the particle into the pad surface A as ^ 4- 3<% — A, the mean size 
of active particles X<wg-acKwe is also taken approximately as // 4- 3cr. In chapter 4, we 
already showed that the gap g and the mean size of active particles Xorg-ockve should 
be determined by the equation (4.11) and (4.12) or (4.15), and Figure 4.4, Figure 4.5 
show that the gap g and mean size of active particles Xorg-ocWw: can not be simply 
approximated to be close to // 4- 3a. Notice that the gap g depends on the particle size 
distribution (// and a), the pad hardness, the applied down pressure (or the local contact 
pressure), it is not close to ^ 4- 3(7 and it changes when the particle size distribution 
(// and cr) changes. The mean size of active particles also changes with the 
applied down pressure, the pad hardness and the particle size distribution. The key 
thing that should be noticed is that the equation (15) in [15] for the mean size of active 
particles Xoi*-ocWt,e(</) = // 4- ^ in doubt since the units of the terms in the 
equation do not match. The particle size has unit am (or m. we will use nm here since 
particle size is in the order of a few dozens of nanometer), then the PDF px(*) of the 
particle size distribution has unit of and the CDF $%(*) (integral of the PDF 
from -oo to some specified value) is unitless. Thus in the above expression, the left 
hand side has unit nm, the first term of the right hand side also has unit nm, since the 
standard deviation has the same unit as the mean, thus the second term of the right 
hand side (cr if ) is unitless. It is clear that some quantity with unit nm is missing 
from the second term of the right hand side of the above expression. We derived the 
equation (4.15) for the mean size of active particles in chapter 4 with parti­
cle size being normally distributed, which shows the standard deviation in the above 
expression should be squared so the units for all terms can match, and the correct form 
should be 
JCwg-ocMreW = ^ + ^ 1 - $%(g) 
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The following Figure 5.15 shows the normalized MAR using Luo & Domfeld's approxi­
mations for the maximum particle size of /a 4- 3a, the gap g = // 4- 3a — A and the mean 
size of active particles Xat,g-oc%re to be ^ 4- 3a. 
Y m"4 Normalized MRR 
-a—o=10 
-©— o=15 
-0— o=20 
60 100 
mean particle size (nm) 
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Figure 5.15 Normalized MRR of Luo & Domfeld model with 
•^avg—active = 4* 3(7, gap g = jJ, 4" 3(7 A 
The following Figure 5.16 shows the normalized MAR using Luo & Domfeld's approxi­
mations for the maximum particle size of /i4- 3a, the gap g = ^ 4- 3a — A, but the mean 
size of active particles is take as their equation (15) ^^-^««(g) = p 4- a -
These two figures are similar, which seems to indicate that the approximation of the 
mean size of active particles Xorg-ocKve as // 4- 3a might be reasonable. Comparing the 
two figures with the one given in Luo & Dornfeld [15], Figure 5.17, the trend of the 
normalized MBA changing with the mean /j and standard deviation a of the particle 
size distribution in Figure 5.15, 5.16 is similar to that given in the Figure 5.17, for 
example, the normalized MAR decreases first then increases with the increase of the 
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Figure 5.16 Normalized MRR of Luo & Dornfeld model with 
JQvg-ocKue = P + gap g = At + 3cr - A 
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Figure 5.17 Estimation of MRR when the abrasive size and the standard 
deviation of the abrasive size distribution are changed (P=1924 
Pa, b= 1/10000, and H=50 MPa) (Also Figure 14 of Luo & 
Domfeld [15]). 
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mean particle size for a given standard deviation, and when standard deviation is much 
smaller than the mean value, the normalize MAR decreases with the increase of the 
standard deviation. However they are not completely the same, and the difference is 
obvious. In Figure 5.16, in the lower part of the mean value, the normalized MAAs 
cross each other for the three given standard deviations, while in Figure 5.17, it is not 
like this. Also, the normalized MAR for cr = 10 nm changes from 7 * 10"* to 11 * 10"* 
(approximately one and a half times) when the mean value changes from 40 nm to 180 
nm, but in Figure 5.17, the normalized MA.R is more than tripled; and the normalized 
MAR for cr = 20 nm, changes from 8.7 * 10"* to below 3 * 10""* when the mean value 
changes from 40 nm to 180 nm, while in Figure 5.17, it is almost the same value. (Note, 
the P, b, H for obtaining Figures 5.15,5.16 are the same as given in Figure 5.17). 
Figure 5.18 was given in [23] showing the overall trend of MA# on the mean particle 
size although the standard deviation about the experimental data points is not shown, 
it is clear that the MAR decreases monotonically with the increase of the mean particle 
size. The Figure 8 in [16] (see Figure 4.8) also shows the same MAR trend on the mean 
particle size. However this contradicts with the MAR trend on the mean particle size 
shown in Figure 5.17. We were informed by the author that the model prediction in 
Figure 5.18 is obtained from Figure 5.17 by assuming the standard deviation cr to be ^ 
of the mean ^ since the particle size is normally distributed. However this can not be 
guaranteed for actual data, the z could be ^ or ^ or some other value, besides, we have 
already shown that the %a%g-active and the approximation of gap p to obtain Figure 5.17 
are problematic. 
The above discussion indicate that there might be some problems in the MR.R model in 
[15, 23], especially for the approximation of the gap g and the inappropriate expression 
for the mean size of active particles. 
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Figure 5.18 Material removal prediction as a function of abrasive size dis-
tribution (Figure 8 of Luo & Dornfeld [23]) 
If we take the corrected form %o^-octi«e(g) = At+cr' and g = = 
(// + i f ^ h i c h  i s  g i v e n  a s  e q u a t i o n  ( 7 )  i n  [ 2 3 ]  w i t h  t h e  c o r r e c t i o n  o f  
^mw-ocKve, then for any given particles size distribution #(/%, <r^), and the applied down 
pressure fb (or p)(thus the local contact pressure f^nt), the pad hardness Ap, and the 
pad surface roughness, the gap g and the mean size of active particles, %o„p_aciH,e, can 
be determined through the above two expression. 
The following Figure 5.19 shows the normalized MAR using Luo & Dornfeld's MAR 
model with the corrected expression for the mean size of active particles and the gap 
approximated by g = // + 3cr — A. 
The fraction of actual contact area to the nominal contact area 6 = ^ or the ratio of 
nominal contact pressure to the actual (local) contact pressure 6 = depends on 
the pad surface roughness 6i = and the applied down pressure fo with 
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Figure 5.19 Normalized MRR of Luo & Domfeld model with corrected 
-Xorg-ocKveW = P + approximated 
gap g = /i + 3cr — A 
6 = 6%(fo / E*)^. Usually 6^ is in the order 0(l)(depending on pad asperity density 
and pad tip curvature) and 6 is around 1/1000 to 1/100 depending on pad surface rough­
ness and the applied down pressure. The following Figure 5.20 and Figure 5.21 show 
the normalized MBA with using the model in [15] with the corrected expression for the 
mean size of active particles and the gap g (not approximated by g = + 3cr — A) under 
different 6 values (or different applied down pressures). 
The normalized MBA in Figure 5.19, Figure 5.20 and Figure 5.21 all decreases monoton-
ically with the increase of the overall mean particle size and in most part the normalized 
MBA increases with the increase of the standard deviation of particle size distribution, 
this is especially obvious when the standard deviation is comparable to the mean value. 
When the standard deviation is much smaller than the mean value, the increase of the 
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Figure 5.20 Normalized MRR of Luo & Dornfeld's model with corrected 
J^avg—active and Q (b=l/67) 
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Figure 5.21 Normalized MRR of Luo & Domfeld's model with corrected 
s^avg—active and (J (fo—1/1000) 
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normalized MBA with the increase of standard deviation is ver)' small, or namely, the 
standard deviation influence on the mean MBA is very small when the standard devi­
ation is much smaller than the mean value of the particle size distribution. 
In our MAB models (4.24) and (4.48) in chapter 4 (particles within a monolayer layer of 
slurry with thickness maz(X) within pad-wafer contact area are active), if the maximum 
size of particles is approximated by ^ + 3a, this would contain 99.87% (normal PDF 
quantile at +3 std level) of the active particles entrapped in wafer-pad contact area, 
then the normalized MAA is shown in the following Figure 5.22. 
(g+3a)(g2+o2)/[n(g2+3a2)] 
1 
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Figure 5.22 Normalized MRR of our model (4.24 and 4.48) 
This figure shows that the normalized MAA decreases with the increase of the mean 
particle size, and the MAA increases with the increase of the standard deviation of the 
particle size distribution. This MAA variation trend is the similar to that obtained from 
the model in [15] with corrected mean size of active particles and the gap value (the first 
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model in chapter 4) (See Figure 5.20 and 5.21). The difference is, in the model in [15] 
(or the first model in chapter 4), when the standard deviation of particle size distribu­
tion is much smaller than the mean value, the influence of the standard deviation <% on 
the MAR is very small, while here in our model (4.24) and (4.48), the influence of the 
standard deviation a on the MBA is still significant even though the standard deviation 
is much smaller than the mean value. Probably this is because the models (4.24) and 
(4.48) takes all the particles within a monolayer of slurry and entrapped in wafer-pad 
contact area to be active, while in the model in [15] (or (4.18)), only a fraction of these 
particles are active. 
We should mention here that the MRR model in [15, 23] is static model which does not 
consider the pad surface topography evolution with polishing time, and thus it could not 
explain the MA.R decay phenomenon due to pad smoothening. While our third MAA 
model in chapter 4, (4.48), combining with (4.27) and (4.50), forms a dynamics MAR 
model, and can predict the experimental observed MAR decay phenomenon due to pad 
smoothening, and can also predict the influence of the particle size distribution on the 
mean MAR variation. 
5.2.2 Some Issues with the MRR Model in [24] 
In the model in [24], particles in a monolayer of slurry with unit thickness within the 
wafer-pad contact area are entrapped and are all active particles, the number of these 
active particles is proportional to the actual pad-wafer contact area with a proportional 
constant of area density obtained from slurry particle volume concentration. Since all 
particles are assumed to have the same average size, so particle size distribution (e.g, 
the standard deviation) effect on the mean MAR is not considered in the model. The 
indentation depth of a single active particle into the wafer surface is given by their equa­
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tion (19) 
si + <nr w" "3)M»+ 3y25« - -d3 = » O i-/Sp 
where D is the average size of all particles, ^ is wafer hardness, is the equivalent 
Young's modulus of pad/particle contact, which is E# = [(1 — f/p)/f^, + (1 — i^)/E,]""^ 
and Eg, are are the Young's moduli of the pad and slurry particle, y, are the 
Poisson's ratios of the pad and slurry particle, respectively. 
From the above equation, it is dear that the indentation depth of the (average size ac­
tive) particle into the wafer surface is completely determined by pad/wafer properties 
and the particle size (Young's modulus, Poisson's ratio, hardness), but does not depend 
on the local contact pressure (which is related to the asperity height). The ratio of 
indentation depth of particle into wafer surface over the (averaged) particle size, 
does not change with asperity height or the local contact pressure as well as the applied 
down pressure. So the material removal for all active particles is the same. In actual 
situation, the local contact pressure between wafer and pad asperity is different since 
higher asperities in contact with the wafer will have larger (indentation) deformation 
and the local contact pressure will be higher, thus the indentation depth of particles 
(entrapped in the asperity-wafer contact area for higher asperities) into wafer surface 
will be larger. Also the ratio of indentation depth of particle into wafer surface over the 
particle size, %, depends on the local contact pressure from the discussion in section 
4.4.1, so the material removal for each different active particle depends on the local 
contact pressure (or the asperity height) as well as the particle size, this can be ex­
plained by equations (4.48) and (4.38), or simply the equation (4.39) gives the material 
removed by a single active particle in the third model in chapter 4, and it shows that the 
material removed (in volume per unit time) by a single active particle is proportional 
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to the square of the particle size (diameter), and proportional to the § power of the 
local contact pressure. Since the local contact pressure depends on the asperity height 
(and the separation distance)which varies randomly, and the particle size also varies 
randomly, so the material removed by easy single active particle is actually a randomly 
variable in our third model in chapter 4, which is different from that in the model in [24]. 
The model in [24] predicts the mean MAR through their equation (29) or (30) which is 
where is the material removal rate (in thickness, or MAA), % is the sliding velocity 
between wafer and pad surface, A/ is the fraction of actual contact area over the nomi­
nal contact area, D is average particle size, 6%, is the indentation depth of particles into 
wafer surface, and % is the slurry particle volume concentration (number of particle per 
unit volume), a is a constant ratio which is related to the wafer surface material density. 
As discussed in the above, the ratio of % does not depend on the particle mean size, 
then the MAR is not influenced by the mean size of the particles, also the particle size 
distribution is not considered since the model assumes all particles have the same size 
(then standard deviation is zero). 
The model in [24] could not explain the experimentally observed M A# decay phe­
nomenon since it is a static model, the pad surface topography evolution during long 
period time polishing is not considered in the model in [24]. In fact, if we revisit the 
MAR expression given in [24] (equation (29) or (30)), we could see that only the term 
A/ is related to pad surface topography (pad surface roughness), and the mean MAR 
is linearly proportional to the fraction of actual contact area over the nominal contact 
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area, v4y. As discussed in the previous MAR decay model in [18, 37], we know that 
the actual contact area increases as the polishing goes on, thus the fraction A/ increases 
with polishing time, hence the MAR expression given in [24] would indicate that the 
MAA increases with polishing time, while our third MAA model in chapter 4 ((4.48)) 
can predict the experimentally observed MAR decay phenomenon if we take the third 
model (4.48) in chapter 4 to be dynamic (combining with (4.27) and (4.50)). 
130 
CHAPTER 6 Summary, Conclusion and Future Work 
6.1 Summary and Conclusion 
The purpose of this dissertation was to contribute to the better and deeper under­
standing of the mechanism of material removal rate (MAR) in chemical-mechanical 
polishing (CMP) process. While the CMP industry develops rapidly, the MAR decay 
phenomenon is observed experimentally and attract more and more attention to the 
investigators, however, very few effort was made up to date to address this problem. 
Also the MAR variation dependency on the slurry particle size and size distribution is 
investigated by more and more people, while the pad surface roughness influence on the 
MAR combining with the particle size distribution effect are still not clear. The work 
in this dissertation makes a few steps in the effort to better understand the mechanism 
of the MR A decay due to the pad surface topography evolution as well as the effects of 
the particles size distribution on the MRR variation. 
In chapter 2, we investigated the material removal rate base on the elastic contact as well 
as inelastic contact between a flat and a rough pad surface. The role of stochastic vari­
ations of pad surface topography evolution during a chemical mechanical planarization 
or polishing (CMP) process is investigated. We derived the asperity height distribution 
PDF evolution equation using a more rigorous and mathematical way through the re­
sult of diffusion Markov process theory. As a result, physically meaningful mathematical 
regularity conditions are highlighted. We also derived the overall mean MRR based on 
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the material removal by single asperities in contact with wafer which is different from 
the simplified assumption used by [18]. This makes our development valuable to serve as 
a basis for considering more realistic assumptions related to spatial and temporal evo­
lutions of both the pad and the wafer surfaces, since in reality, pad asperities will have 
different tip curvatures, and their spacing may be random (as opposed to the uniform 
and periodic assumptions made in the MAR decay models). 
Inconsistencies related to the pad asperity initial PDF used in [18] to evaluate the per­
formance of the MAR time-evolution model are noted and corrected. As a result, the 
good performance claimed in [18] is brought into question. Specifically, it is shown that 
an elastic contact model significantly under-estimates the experimental trend. By ex-
tending the model to the case of inelastic contact between the wafer and pad asperities, 
it is found that model performance can be notably improved. With a focus on statistical 
issues, it is found that a number of other issues may well play a major role in assessment 
of any type of model, when using experimental data for model validation. One key issue 
relates to the selection of the initial PDF used in an MAA time-evolution model. Very 
often, the choice of a PDF model is based on moment information, such as variance, 
skewness and kurtosis quantities. These quantities are limited in their capacity to accu­
rately capture the upper tail of the pad asperity PDF. Another issue concerns estimation 
of key parameters in the MAR model. It is observed that reasonably small changes in 
numerical estimates can have a significant effect on the accuracy of material removal 
model predictions. Accordingly, the distributional properties of the underlying random 
variables and their effects on MAA predictions need to be further investigated. Finally, 
it should be mentioned that the emphasis here on statistical elements, combined with 
the approach of developing mean MAR models based on models for individual asperi­
ties, allows one to easily incorporate more realistic model assumptions such as the pad 
asperities have tip curvatures and spacing that are random. 
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In chapter 3, we develop an expression for the MAR that takes into account some of the 
randomness associated with the pad and the slurry particle size as opposed to most of 
the previous work related to the prediction of the material removal rate (MAR) to date 
which has been concerned with the ideal case, wherein there is no randomness of the 
pad or the particle size. Our statistical analysis of the mean MAR shows that there are 
only minor discrepancy in the dependence of the MAR on the nominal applied down 
pressure between our results and those from the regression FEM model in [19]. 
In chapter 4, we first follow the approach of [15, 23] to obtain the MAA model with 
special attention given to the effect of particle size distribution on the mean MAA. We 
noticed that the expression for the mean size of the active particles given in [15, 23] is 
inappropriate, and we rederived the correct form. Our investigation shows that the gap 
value used to specifying the active particles as well as the mean size of active particles 
could not be approximated as the way in [15, 23], and thus significantly different MAA 
variation trend on the particle size distribution from that in [15, 23] is obtained. We 
further pursued the monolayer approach of accounting for the number of active particles 
to the second model and then combined with the varying height asperities of the pad 
surface roughness to from a dynamic MAA model, which is capable of predicting the 
experimental observed MAA decay phenomenon due to pad surface topography evolu­
tion (pad surface smoothening) as well as the effects of particle size distribution on the 
MAA variation. The third and last model in this chapter shows good correlation of the 
trend of the mean MAA variation with the slurry particle size distribution compared 
with experimental data, namely, the MAA decreases monotonicaily with the increase 
of mean particle size no matter what the standard deviation of the particle size distri­
bution. This MAR variation trend could not be obtained from the model in [15, 23] or 
the model in [24] which total ignore the particle size distribution effects on the MAA, 
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and both of the models in [15, 23] or in [24] are not capable to predict the MAR decay 
due to pad surface topography evolution (pad surface smoothening). 
In chapter 5, detailed comparisons between our models in chapter 2 and chapter 4 against 
models in [18], [15, 23] and in [24] are given. For the MAR decay model in chapter 2, 
the selection of the initial Pearson PDF is investigated in detail,and the comparisons 
of the PDF evolution, the evolution of the statistical quantities as well as the model 
MAA (or more precisely, the total thickness removed in 5 cumulative polishing time 
interval) predictions are shown which clearly indicate that the initial PDF, especially 
the upper tail of the initial PDF, has significant effect on the time-varying MAA decay 
model prediction, and that the accurate estimate of the statistical quantities for fitting 
the initial pad asperity height distribution PDF is critical to the validation of the MAR 
decay model. 
The comparison of our model results in chapter 4 against the model results in [15, 23] 
and in [24] shows Our extension of the MAA model in chapter 4 from the assumption 
of identical height pad asperities to the more realistic situation of varying height pad 
asperities enables us to: (1) consider dynamic problem instead of static problem which is 
able to explain the experimentally observed MAR decay phenomenon, and (2) consider 
the MAA variation with respect to particle size distribution in addition to the mean 
value that might be of more interest to industrial practice. 
6.2 Future Work 
The MAA decay model in chapter 2 involving only the effect of the direct contact be­
tween wafer and pad asperities assumed the pad asperities are uniformly, periodically 
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spaced across the pad surface, and all asperities have spherical tips with identical cur­
vature. Future work would be taking the pad asperities randomly spaced across the pad 
surface as well as the pad asperity tip curvature to be randomly distributed. 
In the MAR model in chapter 4, the pad-wafer direct contact is considered to be elastic, 
in the future, we could extend the model to consider the inelastic behavior of the pad 
in the pad-wafer contact interface as we have discussed in the MAA decay model in 
chapter 2. 
In the MAR decay model in chapter 2, we obtained the MAA for a single asperity 
due to direct contact between wafer and pad asperity, and in the models in chapter 
4, we considered the material removal caused by the active particles within wafer-pad 
asperity contact region, and the particles size distribution effects on the mean MAR. 
In the extreme situation where there is a huge size particle (or polishing debris forming 
a huge size similar to particles) which is comparable to the size (diameter) of the local 
circular wafer-pad asperity contact area, then the contact load is totally carried by this 
single huge particle. This may lead to the indentation depth of the particle into the 
wafer surface to be significantly large, thus creates scratches in the wafer surface and 
decreases the quality of the polished wafer. In Bastawros et al [19] research, as the pad 
asperity is worn down during the CMP process, the ratio of the asperity height to its 
lateral dimension (diameter of the spherical asperity tip) then decreases, and the stiffness 
of the pad asperity is observed to increase substantially, this may lead to the increase 
of the load or contact pressure in the wafer-pad asperity contact region significantly for 
the initially higher asperities, thus the MAR in the wafer-pad asperity contact region 
increase significantly (especially in the contact area with higher asperities). This may 
also lead to the scratch problem on the wafer surface. Hence a scratch model for the 
CMP would be substantially useful considering the above mentioned situation. 
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